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SUMMARY
The overall goal of this study is to consider technology and policy options for the 
reduction of carbon dioxide (CO2) emissions in the UK petroleum oil refining 
industry in the context of the UK’s Kyoto Protocol commitment on greenhouse gas 
emissions in the fight against global climate change.
As a consequence, the objectives are to conduct an investigation into the factors 
affecting CO2 emissions in the industry; to quantify opportunities for making 
reductions and derive an abatement cost curve; to review the state of policies for 
delivering reductions; to determine the impact of the cost of carbon; and to propose a 
strategy, encouraged by economic instruments, for achieving substantial and sustained 
reductions.
This requires a rnethodology that has involved detailed empirical analyses of 
emissions at two refineries; operations analyses of these refineries to quantify the 
opportunities for making energy savings/emissions reductions leading to a 
representative abatement cost curve for the industry; a review of recent experiences 
with the European Union Emissions Trading Scheme (EU ETS); an evaluation of the 
potential impact of the cost of carbon on refining margins and selling prices of 
gasoline, together with an analysis of strengths, weaknesses, opportunities and threats 
to assess the long term future of the industry; and a review of current proposals for the 
EU ETS leading to development of a strategy for the industry to improve energy 
performance relative to its EU peer group, whilst meeting UK Government targets for 
emissions reductions.
The key conclusions are that the UK refining industry could deliver substantial 
emissions reductions over a range of negative and positive abatement costs, the EU 
ETS could be fine-tuned to create an effective cap-and-trade system and there would 
be benefits from the refineries being subject to differential treatment to encourage 
both emissions reductions and survival of the fittest.
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PREFACE
As a chemical engineer who graduated in 1972 from the University of Manchester 
Institute of Science and Technology, the author initially worked for Courtaulds in the 
man-made fibres and textiles industry. In 1981, he joined Esso or Exxon, now 
ExxonMobil, and spent the next twenty-five years working as a technical specialist in 
fluid catalytic cracking supporting the company’s petroleum oil refineries around the 
world. It was in 2005 that he took early retirement and began this study into reducing 
carbon dioxide (CO2) emissions in the UK petroleum oil refining industry.
It is with this background, and without any appropriate qualifications beyond interest 
and enthusiasm, that a scientific case linking anthropogenic CO2 emissions to global 
climate change has been assembled based entirely upon the work of others. On such a 
complex matter, it seems impossible to do anything other than to follow the 
considered views of knowledgeable scientists and reputable institutions, such as the 
Intergovernmental Panel on Climate Change (IPCC), which form the ever-increasing 
consensus. But, it is important to recognise that there are uncertainties in the science 
of climate change and not everyone is convinced of its existence and causes; in fact, 
there are some vociferous sceptics, albeit in a diminishing minority. It is therefore to 
the credit of the Royal Society (2007) that important controversial questions have 
been identified and appropriate answers provided to help dispel some of these 
apparent anomalies in the scientific explanation of what is occurring.
The case for action has had a long gestation. The author first became aware of 
greenhouse gases (GHGs) and their link to global warming when he presented a paper 
on another subject at Exxon's annual Long Range Research Meeting held in Alabama, 
USA in 1991, and a short video on the topic was shown. At that time, the general 
response of the company’s scientific community was one of uncertainty and concern 
for the long-term future of life on earth.
Subsequently, Meadows et al. (1992) made a personal impression when they referred 
to climate change as the next global limit humanity would have to deal with after 
declining sources of raw materials and fewer sinks for waste products. In the early
X V l l l
1990s, their analysis was that the evidence for warming was beginning to accumulate 
and, although it was not clear which causes which, temperature and GHGs had varied 
together. Most importantly of all:
" current atmospheric concentrations o f  carbon dioxide and methane are far
higher than they have been for 160,000 years. " 
and:
" there is no question that humanity’s emissions o f greenhouse gases are filling up
atmospheric sinks much faster than the planet can empty them. ”
Fortunately, the international community, with a fundamental role played by the 
IPCC, has now made some progress with the creation in 1997, and subsequent 
ratification in 2005, of the Kyoto Protocol. Despite the absence of the USA, China 
and India, the EU has gone ahead with the implementation of an Emissions Trading 
Scheme (ETS) in order to meet its commitments on CO2 emissions reductions.
The author's refining background has been particularly helpful in the detailed analysis 
of CO2 emissions in the UK refining industry covering the identification of sources, 
the allocation of emissions to primary oil processed and refined products made, the 
evaluation of possible reduction options, the development of an abatement cost curve, 
the consideration of possible barriers to the recent implementation of emissions 
reduction opportunities and the evaluation of the possible impact of the cost of carbon 
as an economic instrument for the EU to deliver its emissions reduction commitment.
In the absence of detailed data, an important element throughout this work has been 
the application of engineering judgment based on direct experience. In 1999, the 
author was one of those involved in the development of ExxonMobil's proprietary 
Global Energy Management System (GEMS); a single, comprehensive and 
sustainable system to improve energy utilisation by all of its refineries and 
petrochemical plants. A measure of the scale of forward planning involved can be 
gained from the knowledge that this new initiative took place at a time when projects 
were being economically assessed based on a crude oil price of $15/bbl. Apart from 
contributing to the module on fluid catalytic cracking, the author was a member of the 
multidisciplinary teams that performed the first roll-out at the Port Jerome Refinery, 
France in 1999, and subsequent implementations at Baton Rouge Refinery, USA in
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2000 and Augusta, Italy in 2003. GEMS has now been extensively applied throughout 
ExxonMobil and such has been the return on these efforts that the company is 
considerably above the industry average in terms of energy efficiency, which is a 
strong surrogate for CO2 emissions performance.
In the author’s personal journey of discovery, as described here, the recent 
contributions of Lovelock (2006) (the independent scientist) and Gore (2006) (the 
former US Vice President) are acknowledged. Although there is much to both 
commend and criticise about their separate works, their respective impacts in 
shocking and encouraging the general public into taking some interest and 
responsibility in tackling global warming are judged to be positive. Governments can 
regulate and companies can respond, but it is through the collective action of 
individuals that any progress will be made. This leads to the basic dilemma now faced 
by individuals: we cannot continue to enjoy the freedom of an energy-intensive 
lifestyle consuming fossil fuels that release ever more CO2 into the atmosphere 
without us and future generations suffering the adverse consequences of climate 
change. It is another example to complement those described by Hardin (1968) in 
“The Tragedy o f the Commons”. The atmosphere, Hardin’s “commons”, is no longer 
available, if it ever was, for mankind to dump CO2 ; even if the consequences of an 
individual’s action are minuscule, the collective effect of planet earth’s population is 
enormous and critical. The time has come for enclosure of the commons, which 
requires some inevitable sacrifice of personal liberty. Whether one is an annuitant 
living in the USA (with much to lose), a student studying in China (with much to 
forego) or an employee of a multinational oil company (“minding my own business”), 
freedom is the recognition that it is now necessary to abandon the commons in order 
to tackle climate change. This is the paradigm shift in thinking, and more importantly 
in action, that is now required from us all.
It is on this foundation of personal motivation and engineering experience that the 
author has made this study into reducing CO2 emissions in the UK petroleum oil 
refining industry.
XX
Chapter 1 -  Carbon Dioxide Emissions and Climate Change
CHAPTER 1 -  CARBON DIOXIDE EMISSIONS AND CLIMATE CHANGE
1.1 Introduction
"In my view, climate change is the most severe problem that we are facing today - more serious 
even than the threat o f terrorism.
Such was the advice offered by the chief scientific adviser to the UK Government (King, 2004).
With the growing acceptance that man-made emissions of greenhouse gases (GHGs), and in 
particular CO2 emissions from the combustion of fossil fuels, are the most likely causes of recent 
climate change, the need for action is paramount. Unfortunately, on current trends, global energy 
demand is predicted to increase by 55 % between 2005 and 2030 with fossil fuels remaining the 
dominant source (TEA, 2007a) and the developing countries representing 74 % of this increase. In 
terms of use, about half of this increase in energy demand is for power generation and one-fifth is to 
meet transport needs -  mostly petroleum-based fuels.
How can these apparently mutually exclusive priorities be balanced? The answer to this question 
requires action on several fronts: the continued production of energy to meet demand to maintain 
political stability; the development and increased use of renewable energy sources to reduce 
consumption of fossil fuels; increased energy efficiency to achieve more from less; technological 
breakthroughs to meet demand with reduced CO2 emissions and lifestyle changes that promote 
well-being at lower levels of consumption. In short, a paradigm shift is required in the way human 
life on earth has been conducted since the industrial revolution.
This study, once the background has been set, is focused on a small but integral part of this energy 
and CO2 emissions route - the production of petroleum-based fuels - and has the overall goal to 
identify and recommend technology and policy options for the reduction of CO2 emissions in the 
UK refining industry, with the following more specific objectives:
1. To conduct an investigation into the factors affecting CO2 emissions in the UK petroleum oil 
refining industry;
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2. To identify and quantify opportunities for making reductions in CO2 emissions and derive an 
abatement cost curve for the industry;
3. To review the state of current and proposed policies for delivering CO2  emissions reductions in 
the industry;
4. To determine the impact of the cost of carbon on the industry;
5. To propose a possible strategy, encouraged by economic instruments, for the industry to deliver 
substantial and sustained CO2 emissions reductions.
The methodology of the study has involved:
1. Under Non-Disclosure Agreements, detailed empirical analyses of CO2 emissions at two UK oil 
refineries allocated to crude oil processed, individual process units and the different components 
blended to produce gasoline;
2. Operations analyses of the two refineries to identify and quantify the opportunities for making 
energy savings/C0 2  emissions reductions; other options were then evaluated to derive an 
abatement cost curve for a typical UK refinery to represent the industry as a whole;
3. A review of recent experiences of Phase I and plans for Phase II of the European Union 
Emissions Trading Scheme (EU ETS);
4. An evaluation of the potential impact of the cost of carbon on actual (2006) and possible future 
UK refining margins and selling prices of gasoline, together with an analysis of strengths, 
weaknesses, opportunities and threats to assess the long term future of the industry;
5. A review of current proposals for post-Phase II of the EU ETS and development of a possible 
strategy for the industry to improve energy performance relative to its EU peer group whilst 
meeting UK Government targets for CO2 emissions reductions.
The research contribution of the study is increased knowledge available to both the industry and
policymakers on the scope for reductions, the cost effectiveness of abatement measures and the
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impact and ability of the cap-and-trade system to deliver substantial and sustained CO2 emissions 
reductions by the UK refining industry. It also provides methodological approaches for oil 
companies to benchmark individual refinery performance in terms of CO2 emissions allocated to 
refined products, to derive CO2 emissions abatement cost curves and to determine the impact of the 
cost of carbon on their refining and marketing operations.
Much about the significance of global CO2  emissions in terms of their GHG effect on climate 
change is now general knowledge, and yet the magnitude of their causative effect on recent global 
warming remains the subject of continuing debate. Although the author is unable to make any 
original contribution to this debate, the following brief summary on the significance and sources of 
CO2 emissions is provided for completeness and as motivation for conducting this study.
1.2 Basic Science of the GHG Effect
From the work of King (2007) and others, the early contributions of Fourier, Tyndall and Arrhenius 
can be recognised. Understanding of the greenhouse effect began with the French mathematician 
Jean Baptiste Josef Fourier, who in 1827 was the first person to calculate the temperature of the 
earth's surface taking account of the incoming solar radiation and outgoing infrared radiation. 
However, his calculated temperature was 30 °C less than expected for supporting life so he was 
forced to apply an adjustment factor that basically retained heat to give the more representative 
temperature of 15 °C.
This discrepancy caused John Tyndall, the British physicist, thirty years later to perform 
experiments that revealed the ability of water vapour and CO2 , but not nitrogen or oxygen that 
comprise the majority of the earth's atmosphere, to absorb infrared radiation. This constituted the 
first recognition of gases now described as greenhouse gases because of their heat-trapping 
properties.
Finally, before the end of the century in 1896, the Swedish Chemist, Svante August Arrhenius made 
the important discovery that doubling the concentration of CO2 in the atmosphere, such as by 
burning fossil fuels, could cause a temperature rise of about 5 °C on the earth's surface.
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Thus it was that over a hundred years ago, the basic science was defined that links the large scale 
combustion of fossil fuels for producing energy with the ability of CO2 to act as a GHG to warm the 
earth's surface. Since then, through the work of the Intergovernmental Panel on Climate Change 
(IPCC), it has been possible to confirm these findings and give a more detailed description of the 
earth’s energy balance. Figure 1.1 describes how incoming shortwave solar energy is absorbed and 
dissipated as it travels through the atmosphere to warm the earth. In particular, the role of GHGs 
can be noted in radiating back some of the longwave infrared radiation emanating from the earth’s 
surface in order to provide the heat retention as required by Fourier’s calculations.
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Figure 1.1. Estimate of the Earth’s Annual and Global Mean Energy Balance.
Source: Kiehl and Trenberth, 1997.
Not all the individual GHGs are equal, as shown in Table 1.1 that gives their respeetive Global 
Warming Potentials (GWPs) based on integrated radiative forcings over a 100-year period. This is 
the basis for expressing non-C0 2  GHGs in terms of their CO2 equivalent (C02c) as used throughout 
this study.
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Table 1.1. Global Warming Potentials of Different GHGs Relative to CO2.
G reenhouse Gas
Chemical
Formula
Global Warming Potential 
( 1 0 0  years)
Carbon dioxide CO2 1
Methane CH4 25
Nitrous oxide N2 O 298
Hydrofluorocarbons 
e.g. HFC-134a CH2 FCF3 1430
Perfluorocarbons e.g. 
PFC-218 C3 F8 8830
Sulphur hexafluoride SFe 22800
Source: Solomon et al., 2007
Clearly, a balance over the long term between the incoming and outgoing energy fluxes ensures a 
constant temperature for the earth’s surface and lower atmosphere, but any disturbance in this 
equilibrium will result in either global warming or cooling. It is also noticeable that many factors 
can influence the earth’s climate such as variations in the earth's axis and orbit around the sun, the 
presence of clouds, volcanic activity and solar activity (e.g. flares and sunspots) as well as the man- 
made effects of aerosols, changes in land use and urbanisation. However, this study is focused on 
the role of CO2 as the principal GHG and Table 1.2 presents a global carbon budget to complement 
the global energy budget of Figure 1.1. Again, this is empirically based and for instance does not 
describe in any detail the important role of plant photosynthesis in today’s carbon balance nor its 
historical legacy in the creation of the large reserves of fossil fuels now being burnt to provide 
energy.
Table 1.2. Global Carbon Budget.
Amount of Carbon (Gt/year)
Source/Sink 1980s 1990s 2000-2005
Emission from combustion of fossil fuels 5.4 +/- 0.3 6.4 +/- 0.4 7.2 +/- 0.3
Increase in atmospheric concentration 3.3 +/- 0.1 3.2 +/- 0.1 4.1 +/-0.1
Net absorption by ocean from atmosphere 1 .8 + /- 0 . 8 2.2 +/- 0.4 2.2 +/- 0.5
Net absorption by land from atmosphere 0.3 +/- 0.9 1 .0 + /- 0 . 6 0.9 +/- 0.6
Land use change (emission) -1.4 (0 .4 -2 .3 ) -1.6 (0 .5 -2 .7 ) NA
Residual land (sink) 1.7 (3.4 - 0.2) 2.6 (4.3 - 0.9) NA
Note: The uncertainty ranges are 95 % confidence intervals except for those associated with land use change and 
residual land which are 65 %. Some data for 2000-2005 are estimates or not yet available (NA).
Source: Solomon et al., 2007.
Since the 1980s, the emission of CO2 from the combustion of fossil fuels has risen considerably. 
However, the uptake by the different sinks has been variable, indicating the complex behaviour of a 
range of factors. In general, about 50 % of anthropogenic CO2 emissions (from the combustion of
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fossil fuels and land use change) are taken up by the terrestrial biosphere (by absorption by the
oceans and residual land) with the rest remaining in the atmosphere.
1.3 Historical Trends of GHG Concentrations and Climate Change
Over 50 million years ago the earth was warm, with CO2 concentrations in excess of 1000 vppm,
and sea levels were about 100 m higher than today. Then, very gradually, photosynthesis (and some 
minerals) absorbed and sequestered the CO2 . As a result, ice core data covering the last 650,000 
years show atmospheric CO2 levels between 180 and 260 vppm with excursions to 280 vppm 
coincident with the current and previous interglacial warm periods (Solomon et al, 2007). Figure
1 . 2  presents the recent trend.
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Figure 1.2. Trend of GHG Concentrations in the Earth’s Atmosphere in the Last 2000 Years.
Source: Forster et al., 2007.
It is noticeable there has been a dramatic increase since about 1750 associated with the Industrial 
Revolution and the increased impact of human activities on the environment, but it is particularly 
noticeable that pre-industrial levels of CO2 that were about 280 vppm have increased to the current 
level, greater than 380 vppm, and are still rising fast.
Figure 1.3, derived from multiple sources, shows the trends since 1970 for CO2 concentration and 
carbon (C) emission in more detail.
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Figure 1.3. CO2 Concentrations and C Emissions since 1970.
Source: Trenberth et al., 2007 after Keeling and Whorf, 2005; Manning et al, 1997; Manning and 
Keeling, 2006; Marland et al., 2006, BP, 2006; Keeling et al., 2005.
In the upper graph (a), the two rising lines show increases in direetly measured CO2 coneentrations 
with time for the northern and southern hemispheres. Sinee the northern hemisphere eontains the 
larger amount of terrestrial biosphere, its zigzag line reflecting seasonal changes in photosynthesis 
activity has the greater amplitude. The two falling lines also represent the northern and southern 
hemispheres but this time show decreases in oxygen content as a deviation multiplied by 1 0  ^ (per 
meg) from an arbitrary reference point.
In the lower graph (b), the long rising line shows an increase in estimated global CO2 emissions as a 
result of the combustion of fossil fuels for energy, flaring of natural gas in oil and gas produetion 
and the manufacture of cement, but excluding land use emissions. The shorter rising line (inverted 
for clarity) shows a recent decrease in the ratio measured in atmospheric CO2 expressed as a
deviation multiplied by 10^  (ô %o) from a calibration standard. Since is the most abundant 
carbon isotope at about 99 % with at 1 %, and emissions of CO2 from eoal, gas and oil
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combustion and land clearing have specific signatures with ratios that are less than
atmospheric CO2 , it is possible to conclude this decrease is caused by increased CO2 emissions from 
the combustion of fossil fuels.
The most recent estimates by the Intergovernmental Panel on Climate Change (IPCC) of the effects 
of human activities and natural processes on radiative forcing are shown in Figure 1.4.
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Figure 1.4. Radiative Forcing of Climate between 1750 and 2005.
Source: Forster et al., 2007.
This shows the large scale influence of human activities on radiative forcing, not all of which is 
adverse since if the aerosol contributions were eliminated the total net effect would be even more 
severe. With reference to Figure 1.1 and the global mean energy balance, it can thus be appreciated 
that a net increase of 1 . 6  W/m^ radiative forcing from human activities, including 1 . 6 6  W/m^ from 
increased CO2 emissions, would be expected to result in some global warming. This trend is shown 
in Figure 1.5.
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Figure 1.5. Actual and Predicted Trends of Global Warming sinee 1850.
Source: Trenberth et ah, 2007 after Brohan et al., 2006; Smith and Reynolds, 2005; Hansen et ah, 
2001; Lugina et al., 2005.
Most reeent analysis gives a 100-year trend (1906-2005) global mean surface temperature (GMST) 
increase of 0.74 °C +/- 0.18 °C with 90 % eonfidenee interval (Solomon et ah, 2007). Such a global 
warming trend would be expeeted to have an effeet on sea level, although it would be a lagging 
response due to regional variations in the global surfaee temperature increase, the large thermal 
mass of water involved and the effects of ocean currents. This trend of the annual average of the 
global mean sea level relative to the average for the period 1961 to 1990 is shown in Figure 1.6.
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Figure 1.6. Global Mean Sea Level since 1870.
Source: Solomon et al., 2007.
These data are of variable quality sinee historieal sea levels have been determined by reconstructed 
sea level fields since 1870, tide gauge measurements sinee 1950 and satellite altimetry since 1992, 
as is observed from the corresponding reduction in the 90 % confidence interval error bars. 
However, since 1993 the sea level rise is consistent with observed changes in ocean temperatures 
(thermal expansion) and reductions in the cryosphere (ice melting).
1.4 Projections of GHG Concentrations and Climate Change
Projections for the magnitude and eonsequences of future global warming are scenario dependant 
with respeet to GHG concentration and require the extensive use of mathematical models. A 
summary is presented in Table 1.3 with 5 to 95 % confidence intervals given for sea level rise.
Table 1.3. Projected GMST Warming and Sea Level Rise at the End of the 21^ Century.
Temperature Increase 
(°C at 2090-2099 relative to 1980-1999)
Sea Level Kise 
(m at 2090-2099 relative to 1980-1999) 
Model-based range excluding future 
rapid dynamical changes in ice flow
CO2 equivalent 
vppm In 2100 Best estimate Likely range
520 0.6 0.3-0.9 NA
600 1.8 1.1 -2.9 0.18-0.38
700 2.4 1.4-3.8 0.20 - 0.45
800 2.4 1.4-3.8 0.20 - 0.43
850 2.8 1.7-4.4 0.21 -0.48
1250 3.4 2.0-5.4 0.23-0.51
1550 4.0 2.4-64 0.26 - 0.59
Source: Solomon et al., 2007.
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Despite significant uncertainties, what is clear is that considerable effort will be required to limit 
CO2 equivalent (C0 2 e) concentrations to 600 -  700 vppm. Such a level would cause a GMST 
increase of 1.1 -  3.8 °C leading to a sea level rise of 0.18 -  0.45 m, and the latter estimate neglects 
any future sudden large accelerations in ice discharge rates, e.g. from the Greenland and Antarctic 
ice caps. Regional variations would be expected both in the magnitude of these projected changes 
and in their consequences in terms of severe weather effects, coastal flooding and access to fresh 
water for the large human population already challenging the earth’s resources. In addition, there 
are uncertainties assoeiated with positive feedback (e.g. from temperature effects on the carbon 
cycle releasing more CO2 into the atmosphere) and the long time lags required for ocean 
temperatures and large-scale climate changes to reach equilibrium.
1.5 Global GHG and CO2 Emissions
Recent research (NE A A, 2007a) has shown that annual global GHG emissions, measured as C0 2 e, 
have increased by 75 % from 1970 to about 45 Gt C0 2 e in 2004. More specifically, CO2 emissions 
increased by 90 % over the same period and in 2004 comprised 75 % of all GHG emissions as 
shown in Figure 1.7.
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Figure 1.7. Global Emissions of Greenhouse Gases.
Source: NEAA, 2007a.
Of interest in particular are the sources of these CO2 emissions. In 2006, 28.2 Gt CO2 was emitted 
just from the global combustion of non-renewable fossil fuels (NEAA, 2007b) with the largest 
increase observed coming from the growth of China’s demand for energy. In fact, 2006 was the first
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year when China’s eombined CO2 emissions from fossil fuel use and cement production surpassed 
the USA to become the world’s largest contributor. Consequently, there is great concern about the 
future demands of the world’s developing countries. However, the energy demand of the EU-15 is 
not small either; compared with the CO2 emissions from fossil fuel use of the USA and China at 
5.75 and 5.68 Gt respectively, those from the EU-15 were 3.33 Gt (12 % of global) in 2006 as 
shown in Figure 1.8.
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Source: NEAA, 2007b.
Fundamental questions relating to equity are prompted by an analysis of CO2 emissions from fuel 
combustion of different countries when population and Gross Domestie Product (GDP) are 
included. Figure 1.9 compares the emissions of an average USA citizen in 2005 and his/her 
demands to support an energy-intensive lifestyle that produces large national emissions compared 
to average inhabitants of other countries; the US resident generates five times the emissions of a 
Chinese and eighteen times the emissions of an Indian. The USA emissions are also approximately 
twice those of the leading European countries, but it is also interesting to see some differences 
between France, Germany and the UK, judged to be due to the high proportion of nuclear energy as 
the source of electricity in France.
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Germany
Figure 1.9. CO2 Emissions per Capita for Selected Countries.
Derived from lEA, 2007c; IMF, 2008.
Similarly, Figure 1.10 is also revealing; not just to demonstrate the link between emissions and 
economic wealth, which is to be expected, but to identify who is above and below the trend line 
(albeit a statistical correlation based on a small sample size). In this comparison, China has 
emissions per GDP on purchasing power parity (PPP) that are one third higher than those of the 
USA, twice those of Germany, the UK and India, and three times higher than those of France.
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Figure 1.10. CO2 Emissions per GDP Adjusted to PPP for Selected Countries.
Derived from IE A, 2007c; IMF, 2008.
An analysis and discussion relating to possible reasons for, and remedies to, this situation justifies a 
separate study of industrial and economic development, lifestyles and values, sustainable 
development, etc. that is beyond the scope of this work. However, international comparisons 
inevitably raise the question now of whether the current production based accounting of emissions 
by a country (i.e. emissions associated with goods and services produced including exports but 
excluding imports) is morally justified compared to the alternative of measuring emissions based on 
consumption (i.e. emissions associated with goods and services consumed including imports but 
excluding exports). If the latter was adopted, it would have the effect of reducing developing 
countries emissions associated with the production of exported goods with embedded carbon and 
increasing the developed countries emissions from the consumption of such imported goods. 
Although no answer is argued here, some of the issues involved are touched on in Section 6 .8 .
1.6 EU CO2 Emissions by Source and Country
The EU-15 has recently examined the sources of its CO2 emissions (EEA, 2007) with the results 
summarised in Figure 1.11.
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Figure 1.11. EU-15 Largest Key Source Categories of CO2 Emissions in 2005.
Source: EEA, 2007.
Although there were differences between Member States, with the UK in particular having a 
different breakdown than the rest of the EU, the EU-15 average shows public electricity and heat 
production contributing 28 % with road transportation at 23 %. It can also be observed that 
petroleum refining made a significant contribution at 4 % of the total CO2 emissions.
Table 1.4 shows the different amounts of CO2 emissions from each of the EU-15 nation states in 
2005. It is noticeable that Germany had the largest emissions, followed by the UK; in fact, UK 
emissions were 16 % of the total. With the enlargement of the EU-15 to EU-27 in 2004, the UK 
contribution became 13 % of 4269 Mt CO2 emitted.
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Table 1.4 EU-15 CO2 Emissions in 2005 excluding Land Use, Land-Use Change and Forestry.
Country
CO2  Emission 
(Mt) % of Total
Austria 80 2.3
Belgium 123 3.5
Denmark 50 1.4
Finland 57 1.6
France 412 11.8
Germany 873 25.1
Greece 112 3.2
Ireland 47 1.3
Italy 493 14.2
Luxembourg 12 0.3
Netherlands 176 5.1
Portugal 68 2.0
Spain 368 10.6
Sweden 53 1.5
UK 558 16.0
Total 3482 100.0
Source: EEA, 2007.
1.7 Recent UK GHG Emissions
Figure 1.12 gives details of progress made by the UK in reducing GHG (COic) emissions.
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Figure 1.12. UK Net GHG Emissions 1990 to 2005.
Source: AEAT, 2007.
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As can be observed, in 2005 the UK had achieved a 15.4 % reduction in COic emissions below 
1990 levels. This was primarily due to the liberalisation of the energy market and the resulting 
transfer from oil and coal to gas as fuel for electricity generation, together with measures adopted 
by the chemical industry to reduce emissions of nitrous oxide (N2O) from adipic acid production for 
manufacture of nylon and also chlorinated organics.
Nevertheless, despite these essentially coincidental developments, the CO2 emissions, as distinct 
from C0 2 e emissions, in 2005 were only 6.4 % below the 1990 levels.
Table 1.5 describes the contribution of different source sectors to aggregate UK GHG emissions. 
Table 1.5. UK GHG Source and Sink Categories.
G reenh ou se  G as S ou rce 1990 2005 % ch a n g e  2005
and Sink C ategories (Mt COje) (Mt COzO) from 1990
Energy 611.2 563.4 -7.8
Industrial P r o c e s se s 53.6 27.0 -49.5
Agriculture 53.7 44.9 -16.4
LULUCF^) 2.9 -2.0 -170.3
W aste 52.9 22.1 -58.3
 ^ Total 774.3 655.4 -15.4
Land Use. Land-Use Change and Forestry 
Source: AEAT, 2007.
This shows that the large Energy Sector, which was responsible for more than 80 % of GHG 
emissions, had achieved a 7.8 % reduction in 2005. It is within this sector that the oil refining 
industry is located providing a wide range of convenient sources of chemical energy for general use, 
and feedstocks for petrochemicals manufacture, derived from fossil fuels. There is thus a clear need 
for action to seek ways of making reductions in CO2  emissions in processing crude oil into these 
refined hydrocarbon products, which is the subject of this study.
1.8 Outline of the Thesis
Following this presentation of the scientific case linking GHG, and in particular anthropogenic CO2 , 
emissions to global climate change. Chapter 2 describes actions taken by the international 
community to reduce emissions, with a fundamental role played by the IPCC, resulting in the 
signing of the Kyoto Protocol and the implementation by the European Union (EU) of an Emissions 
Trading Scheme (ETS).
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The author’s refining background has been especially helpful in determining general CO2 emissions 
from the UK refining industry (Chapter 3), in investigating the detailed sources of emissions at two 
UK refineries (Chapter 4) and in the evaluation of possible emissions reduction options for the UK 
industry, leading to the development of an abatement cost curve (Chapter 5). Chapter 4 includes the 
allocation of emissions to a specific refined product, i.e. gasoline, by a methodology suitable for 
benchmarking and optimising refinery emissions performance, and Chapter 5 also considers 
possible barriers to the recent implementation of emissions reduction opportunities.
Following the development of the industry abatement cost curve, the state of current and proposed 
policies for encouraging the delivery of identified CO2 emissions reductions is reviewed in Chapter 
6 . Of particular interest at the present time is the effectiveness of the EU ETS and what is planned 
for post-2012, after the Kyoto Protocol and the ETS Phase II have both expired. The magnitude of 
emissions allocations granted is also critical to determining the price of allowances on the EU ETS, 
so Chapter 7 assesses how the cost of carbon affects both the profitability of the refining industry 
and the price of gasoline sold in the UK. This then leads to consideration of possible longer-term 
strategies for the industry to deliver emissions reductions and the role of the ETS as the major 
policy instrument of the EU for tackling climate change in Chapter 8 . As a comment, it is 
considered commendable that the UK Government is taking a lead in at least setting targets and 
developing strategies for more ambitious reductions in emissions to limit the damages, with the 
Royal Commission on Environmental Protection (RCEP) and the Stem Report both being 
influential at national and international levels.
Finally, Chapter 9 provides conclusions and proposes possible future work.
1.9 Summary of Findings 
In summary:
1. There is sufficient scientific understanding of climate change to be highly confident that 
anthropogenic emissions of CO2 and other GHGs are causing global warming, the consequences 
of which include sea level rise from changes in ocean temperature and the shrinking of the 
cryosphere.
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2. Global GHG concentrations continue to rise (from the pre-industrial level of about 280 vppm to 
currently in excess of 380 vppm CO2), particularly from the combustion of fossil fuels for 
energy by China, and that CO2 comprises about 75 % of the total GHG emissions.
3. In 2005, the USA had the highest CO2 emissions per capita compared to France, Germany and 
the UK (about twice), to China (five times) and to India (eighteen times). However, China had 
the highest emissions per GDP at one third higher than those of the USA, about twice those of 
Germany, the UK and India and three times higher than those of France.
4. In 2006, EU-15 contributed 12 % of global CO2 emissions from the combustion of fossil fuels.
5. In 2005, petroleum refining contributed 4 % by source and the UK contributed 16 % by country 
to EU-15 CO2 emissions.
6 . Actions are required from both governments and individuals, sooner rather than later with some 
loss of personal freedom, in order to minimise the extent of climate change from GHG 
emissions and to adapt to its consequences.
Based on this analysis of the significance of GHG emissions to climate change, the next chapter
describes the historical development of policies that have been associated with attempts to reduce
CO2 emissions.
19
Chapter 2  -  The H istorical Developm ent o fP olicies fo r  Reducing Carbon Dioxide Emissions
CHAPTER 2 -  THE HISTORICAL DEVELOPMENT OF POLICIES FOR 
REDUCING CARBON DIOXIDE EMISSIONS
2.1 Introduction
The most significant international action so far to address the concerns of climate change has been 
the signing and implementation of the Kyoto Protocol to reduce GHG emissions. This chapter will 
review the history and content of this agreement and describe the follow-up actions that the UK 
Government has taken in regard to reducing CO2 emissions.
Together with Chapter 1 that qualitatively and quantitatively describes the global significance of 
CO2 emissions from different sources on climate change, this chapter completes the background 
detail of the current situation. Subsequent chapters will then specifically address the five objectives 
of the study as outlined in Chapter 1.
2.2 Key Events Prior to the Kyoto Protocol
Grubb et al (1999) provide a description of the events leading up to the Kyoto Protocol and from 
this source the following brief summary has been derived:
1957 International Geophysical Year. Through a series of meetings, the global scientific 
community set a goal of understanding planetary processes and the human influences on 
them. A network of monitoring stations was created that shows a steady increase in CO2 
levels in the earth's atmosphere.
1967 Researchers at the Massachusetts Institute of Technology documented their concerns on 
climate change.
1970 The UN Secretary General mentioned the possibility of a "catastrophic warming effect" 
in his report on the environment.
1979 First World Climate Conference established the World Climate Research Programme.
1980s UN Environment Programme (UNEP) and World Meteorological Organisation (WMO)
held a series of international scientific workshops.
1988 Intergovernmental Panel on Climate Change (IPCC) was established under the auspices 
of UNEP and WMO to provide governments with authoritative assessments of the state 
of knowledge concerning climate change.
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1990 First Assessment Report of IPCC.
Working Group I (Science) advised that if GHG emissions continue as projected then the 
GMST of the earth would increase by 0.3 °C (+/- 0.15 °C) every decade which would be
the fastest sustained rate observed for the last 1 0 , 0 0 0  years.
Working Group II (Impacts) advised that sea levels would rise and rainfall patterns 
would change with significant but uncertain effects.
Working Group III (Potential Responses) advised there was considerable diversity in 
political views but general agreement that negotiations should start on a global 
agreement on climate change.
1990 Second World Climate Conference. The First Assessment Report of IPCC was accepted 
and the UN was formally called upon to open global negotiations.
1992 These global negotiations resulted in the UN Framework Convention on Climate Change
(UNFCCC) being signed at the Rio Earth Summit. UNFCC has the objective to stabilise 
GHG emissions to avoid harmful anthropogenic affects on the climate.
1994 UNFCCC was ratified and comes into force.
1995 Conference of Parties (COP) to UNFCCC, held in Berlin, agreed to begin a process for 
implementing quantified emission limitation and reduction objectives within specific 
time frames.
1996 Second Assessment Report of IPCC advised that by 2100:
1. GMST is likely to increase by 2 °C (possible range + 1 to + 3.5 °C).
■ t
2. Sea levels would rise by 50 cm (possible range + 15 to + 95 cm).
3. Even if there is stabilisation of GHG emissions by 2100 these effects would continue 
for considerable time thereafter due to thermal inertia.
4. There are significant "no regrets" opportunities for most countries to limit GHG 
emissions at no net cost that are justified in terms of reducing the potential risks of 
damage from climate change.
1996 Second COP to UNFCCC held in Geneva resulted in the Second Assessment Report of 
the IPCC being endorsed and the US (Clinton Administration) calling for accelerated 
negotiations for a legally-binding protocol against strong objections from Russia, 
Australia and OPEC.
1997 EU Council of Ministers advised that the EU collectively supported a position that all 
industrialised counties should reduce emissions to 15 % below 1990 levels by 2010. The 
Council also defined indicative individual emissions targets for each of its member states
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(that added up to a 10 % reduction - without saying how the last 5 % would be achieved). 
1997 Japan proposed a 5 % indicative reduction with complex conditions.
1997 US Senate passed a unanimous resolution that there would be no ratification of a climate
change agreement unless the developing countries were also included.
1997 US President Clinton reaffirmed the basic position of the US that it supported a legally
binding commitment to reduce GHG emissions to 1990 levels during the period 2008 to 
2012 .
The next event was the negotiation of an international agreement that became known as the Kyoto 
Protocol.
2.3 The Kyoto Protocol
In December 1997, the industrialised or developed countries of the world (almost all OECD 
member countries and those countries with economies in transition) made a commitment as written 
in Article 3 of the Kyoto Protocol (UNFCCC, 1997) to:
“ .individually or jointly, ensure that their aggregate anthropogenic carbon dioxide equivalent
emissions o f  the greenhouse gases do not exceed their assigned amounts,  with a view to
reducing their overall emissions o f  such gases by at least 5 per cent below 1990 levels in the 
commitment period 2008 to 20121'
A "basket" of six GHGs was defined, comprising carbon dioxide (CO2), methane (CH4), nitrous 
oxide (N2 O), hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride; their global warming 
potentials are detailed in Table 1.1 of Chapter 1. As revealed in Chapter 3, CO2 is the most 
significant in terms of the amount emitted and its overall effect on global warming. Its importance 
is further enhanced when it is considered that most of the gas comes from the conversion of stored 
chemical energy in fossil fuels to other more suitable forms of energy that can be used directly. This 
then highlights the issues of consumption of scarce resources (and its implications for sustainable 
development) and the role of energy in economic growth (highlighting the issue of equity within 
and between developed and developing countries) which this study notes but leaves for another 
occasion to address due to the focus of the present work on technology and economics.
It should be noted that the GHG emissions reduction target of at least 5 % below 1990 levels by the 
2008 to 2 0 1 2  commitment period is an overall value with different targets for different countries;
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e.g. the European Union agreed to at least 8  %, the US to 7 % and Australia is permitted an increase 
of no more than 8  %.
Briefly, although the GHG emissions reduction target of at least 5 % for the developed countries 
seems modest (since this is roughly the level already reached in 1995 due to reductions by countries 
with economies in transition), the Kyoto Protocol potentially offers an international framework for 
tackling climate change. It has specifically defined a requirement that all countries (developed and 
developing) measure their GHG emissions and create programmes to mitigate climate change. In 
addition, the following mechanisms have been defined to assist the developed countries to achieve 
their targets:
1. Joint Implementation (JI). This provides the opportunity for any developed country (as 
defined and identified in Annex I to the Protocol) to meet its commitment by implementing 
GHG abatement projects in other developed countries.
2. Clean Development Mechanism (CDM). This is similar to, but different from, JI in that it 
provides the opportunity for developed countries to implement GHG abatement projects in 
developing countries. Its purpose is to assist the developed countries to achieve compliance 
with their commitments whilst at the same time assisting the developing countries to achieve 
sustainable development and make their own positive contributions to climate change.
3. Emissions Trading (ET). This permits the developed countries to participate in emissions 
trading for the purpose of fulfilling their commitments.
However, although the developed countries of the world signed the Protocol, not all of them 
subsequently ratified it. Bill Clinton, the US President of the Democrat Party, was unable to gain 
the support of a Republican Party-dominated Congress and, with the election of the republican 
George W. Bush as president in 2000, the USA became even more opposed to the Protocol. As the 
party more representative of big business, the Republicans had concerns that ratifying the Protocol 
would cause damage to their economy by excluding commitments from the developing countries, in 
particular China and India, who are rapidly emerging as key economic competitors in energy- 
intensive industries such as steel making. Australia also failed to ratify on the same grounds 
(although it subsequently did so in 2007 following a change in ruling party). Despite this lack of 
unity, the UK, and other Member States of the EU, went ahead with developing an emissions 
trading scheme and implementing the Protocol.
23
Chapter 2 - The H istorical Developm ent o f  Policies fo r  Reducing Carbon D ioxide Emissions
It was a requirement that the Protocol come into force on the ninetieth day after the date on which 
not less than 55 countries that accounted in total for at least 55 % of the total CO2  emissions in 
1990. Russia was the last country to ratify and following additional meetings the Protocol entered 
into force on 16th February 2005. Since then, there has been continual discussion of its 
achievements and flaws that are reviewed in Chapter 6 .
2.4 UK Climate Change and Energy Policies
As a member of the EU, which has agreed to a Kyoto Protocol emissions reduction of 8  % of 1990 
levels by 2008 to 2012, the UK has a legally binding target of 12.5 % reduction. Other countries 
have different commitments e.g. at least 21 % for Germany, 6.5 % for Italy, 0 % for France and an 
increase of no more than 15 % permitted for Spain.
Reflecting on Figure 1.12 and Section 1.7, it can be observed that, only a few years after the signing 
of the Protocol, the UK was in the position of already having met its commitment to reduce GHG 
(C0 2 e) emissions, although a similar reduction in CO2 emissions was proving more difficult to 
achieve. Consequently, the UK Government expressed an interest in taking an international lead in 
tackling climate change and, when the 2000 UK Climate Change Programme (DTI, 2000) was 
published, set a domestic policy goal of moving towards a reduction in CO2 emissions of 2 0  % 
below 1990 levels by 2010. This programme included:
1. A climate change levy package that involved a tax on the use of energy in the non-domestic 
sector with offsetting cuts in employers’ National Insurance Contributions. Special 
consideration was given to energy intensive industries by giving a discount to those who 
agreed to challenging targets for improving energy efficiency or reducing carbon emissions.
2. A domestic emissions trading scheme in which participation was voluntary. The Direct 
Participants committed to reductions in return for financial incentives at an auction. Targets 
were set according to an historical baseline and a market was created for trading allowances.
3. Stimulants to improve energy efficiency in the business sector as well as obligations for 
electricity suppliers to increase the proportion of electricity provided by renewable sources.
4. Other measures to cut emissions from the transport sector and improve energy use in the 
domestic, building and public sectors.
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However, concerns were already being expressed by many prominent individuals and institutions 
that these measures were not enough. This lead to the Royal Commission on Environmental 
Pollution issuing a report (RCEP, 2000) arguing for a 60 % reduction in CO2 emissions below 1997 
levels (at the time the most recent year for which final estimates of emissions were available) by 
2050. This value was based upon limiting the increase in global mean surface temperature (GMST) 
to about 2  °C, requiring a stabilisation of CO2 emissions at about 550 vppm - approximately double 
the pre-industrial level - compared to the most recent value at that time of 370 vppm. Such a 
temperature increase would be serious, but it was expected not to have the large-scale adverse social 
and economic consequences resulting fi*om a hotter climate, such as a rise in sea level sufficient to 
cause extensive flooding due to melting of the Greenland ice sheet augmenting the more predictable 
thermal expansion effects.
Four scenarios were constructed by the RCEP to illustrate the different means by which the 60 % 
reduction might be achieved:
Scenario 1: No increase above 1998 energy demand, combinations of renewable energy and 
either nuclear power stations or large fossil fuel power stations with CO2 capture and 
storage;
Scenario 2: Demand reduction, renewable energy (no nuclear power stations or large fossil 
fuel power stations with CO2 capture and storage);
Scenario 3: Demand reduction as Scenario 2, combinations of renewable energy and either 
nuclear power stations or large fossil fuel power stations with CO2 capture and storage; 
Scenario 4: Very large demand reduction, renewable energy (no nuclear power stations or 
large fossil fuel power stations with CO2  capture and storage).
It is significant that the RCEP scenarios were based on foresighting rather than forecasting, and 
included attention to both supply and use. A call was made for immediate action to address 
inconsistencies in energy policy and to develop plans for more rapid implementation of energy 
efficiency improvements and the necessary development and expansion of renewable energy 
resources. Without such actions, the RCEP warned that the government was likely to fall short of its 
goal to reduce CO2 emissions by 2 0  % below 1990 levels by 2 0 1 0 .
In response, the Government issued the 2003 Energy White Paper (DTI, 2003) that recognised the 
need for global action to tackle climate change and also the need for leadership by accepting the 
RCEP’s recommendation of putting the UK on a path to a 60 % reduction from current levels by
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about 2050. The intent was to provide a long term strategy for energy based on the four pillars of 
the environment, energy reliability, affordable energy for the poorest, and competitive markets for 
businesses, industries and households.
The 2006 Climate Change Programme (DEFRA, 2006b) further enhanced these domestic and 
international goals by amongst other things setting out plans to:
1. Work with EU partners to develop the Emissions Trading Scheme (ETS) and CDM beyond 
2012 and to help India, China and Brazil, and the poorer developing countries tackle climate 
change;
2. Develop a National Allocation Plan (NAP) for the second phase of the EU ETS (discussed 
later in Section 4.5);
3. Provide funds for microgeneration and carbon abatement technologies and the development 
of carbon capture and storage schemes;
4. Introduce the Renewable Transport Fuel Obligation from 2008 to increase the uptake of 
biofuels;
5. Seek the inclusion of aviation in the EU ETS;
6 . Introduce the Code for Sustainable Homes, encourage energy efficiency and the use of 
“smart” meters in domestic homes.
At the same time, as a result of increased concerns about the lack of progress being made to reduce 
CO2 emissions for tackling climate change (due to economic growth and higher levels of electricity 
generation from coal) and an awareness that almost one third of the country’s electricity generation 
would be lost by 2025 (due to the unavoidable shutdovm of environmentally unfriendly coal-fired 
stations and end-of-life nuclear stations), coupled with the realisation that highly-priced and 
insecure supplies of natural gas would be increasingly required for future energy, the Government 
reported back on the results of its energy review (DTI, 2006). In summary, the review focused on 
the challenge by identifying areas where policy needed to be strengthened and set up consultations 
that would promote saving energy, the increased generation of cleaner energy and a more secure 
supply of energy. The proposals included:
1. Extension of the EU ETS to cover other businesses and public services;
2. The central government estate of buildings being carbon neutral by 2012;
3. Promotion of a distributed energy system from renewable sources;
4. Strengthening of the Renewables Obligation for electricity generation;
5. Addressing the potential barriers to the building of new nuclear power stations;
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6. Promotion of a commercial demonstration of carbon capture and storage to reduce 
emissions from coal or gas power stations;
7. A Transport Innovation Strategy and strengthening of the Renewable Transport Fuel 
Obligation to promote a shift away from oil as the predominant fuel source for transport;
8 . An international agenda to promote more open and competitive markets for energy;
9. A UK market framework for encouraging the growth of home-grown energy.
In complementary fashion, the Stem Review (Stem, 2006) provided an independent assessment of 
the economics of climate change. Commanded by the Chancellor of the Exchequer in 2005, Stem 
was asked to assess the economics of moving to a low-carbon global economy, the potential of 
different approaches for adapting to climate change and specific lessons for the UK on existing 
climate change goals. His findings had world-wide influence, not least for their considerable 
difference to the views expressed by the George W. Bush Administration in the USA. In essence, 
the Review concluded:
" i f  we don't act, the overall costs and risks o f  climate change will he equivalent to losing at
least 5 Yo o f global GDP each year, now and forever. I f  a wider range o f risks and impacts is taken 
into account, the estimates o f damage could rise to 20 % o f GDP or more.
In contrast, the costs o f  action - reducing greenhouse gas emissions to avoid the worst impacts o f  
climate change - can be limited to around 1 % o f global GDP each year. "
Stem made this assessment based on a current GHG atmospheric concentration of 430 vppm COzc 
and continuing emissions at current levels giving a projected increase to about 550 vppm COie by 
2050 with a resulting eventual increase in GMST of 2 to 5 °C. (If positive feedback effects such as 
the release of methane from permafrost were considered then the increase could be even higher). 
Key elements of future intemational co-operation that Stem called for included emissions trading; 
technology co-operation; action to reduce deforestation and adaptation.
As such, the Review was instrumental in quantifying the economic and social consequences for the 
human inhabitants of the earth, wherever they live. Although it provided a stark waming, there was 
the offer of hope and the findings were presented in a transparent, reproducible and defensible 
manner.
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Shortly afterwards, the IPCC published its fourth scientific report (IPCC, 2007) which advised that 
the latest 100-year trend is an increase in GMST of 0.74 °C (+/- 0.18 °C) and for 600 vppm COie in 
2100 the best estimate is an additional increase of 1.8 °C (with a likely range of 1.1 to 2.9 °C). 
Although the magnitude of these projections is somewhat less than those used by Stem, the 
argument for fighting climate change is generally accepted to be no less diminished.
In 2007, the Government published the Draft Climate Change Bill (DEFRA, 2007e). In summary, 
the proposed Bill would:
1. Put into statute the UK’s targets to reduce CO2 emissions by 60 % by 2050 and 26-32 % by 
2020, against a 1990 baseline;
2. Introduce a system of rolling five-year carbon budgets, with three budgets set ahead for 
businesses to develop and implement confident plans;
3. Create an independent statutory body (the Climate Change Committee) to advise the 
Government on the pathway to the 2050 target;
4. Contain enabling powers to make future policies to control emissions quicker and easier to 
introduce;
5. Introduce a new system of Government reporting to Parliament.
The target date for Royal Assent is autumn 2008.
Finally, the Government’s 2007 White Paper on Energy (DTI, 2007a) described how it would 
implement all the measures announced from the publication of the Energy Review (DTI, 2006) to 
the present. The key elements of the strategy were defined as:
1. Establishment of an intemational framework to tackle climate change;
2. Providing legally binding carbon targets for the whole UK economy, progressively reducing 
emissions;
3. Making further progress in achieving fully competitive and transparent intemational 
markets;
4. Encouraging more energy saving through better information, incentives and regulation;
5. Providing more support for low carbon technologies;
6 . Ensuring the right conditions for investment.
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So, are the current policies of the UK Government sufficient for reducing UK CO2 emissions to 
limit the increase in GMST to 2 °C, implying a 60 % reduction below 1997 levels by 2050? Early 
analysis by the Tyndall Centre Energy and Climate Change Programme at the University of 
Manchester (Anderson et ah, 2007) says not; principally, it is argued, because firstly, the issues of 
aviation and shipping were considered to have been dealt with superficially and secondly, the focus 
on the energy supply rather than the energy system missed the opportunity to promote energy 
efficiency, improved carbon intensity and low-carbon supply options that may incur additional cost. 
The analysis concludes:
” the climate-change premise o f  the Energy White Paper, Draft Climate Change Bill and
Climate Change Programme is admirable. ” 
but:
“ the (Energy White Paper) only serves to reinforce the shameful political expediency o f  current
UK climate policy. ”
With this developing background, the EU, supported by the UK, progressed and introduced its 
Emissions Trading Scheme (ETS) as a means of delivering its commitment to the Kyoto Protocol.
2.5 EU Emissions Trading Scheme
The EU ETS is a “cap-and-trade” economic instrument to control the EU’s emissions of GHGs that 
is confined to CO2 emissions initially (European Parliament, 2003). Specific installations have been 
selected to be covered by the scheme and allocated allowances to emit CO2 with an obligation to 
surrender allowances equal to their emissions in each calendar year. This constitutes a cap on the 
total emissions of all scheme participants but each installation can buy or sell allowances to match 
its individual needs.
The scheme operates in two phases from 1st January 2005; the first phase covers the period 2005- 
2007 and the second phase covers 2008-2012 (coincident with the first Kyoto Protocol commitment 
period). Additional five-year phases will then follow. Activities included in the ETS are power 
generation, mineral oil refineries, offshore installations and other heavy industrial sectors, as well as 
smaller non-industrial installations with large combustion installations. Individual Member States 
are obliged to specify the quantity of allowances required for their installations in a document called
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the National Allocation Plan (NAP) which has to be approved by the European Commission and the 
other Member States.
Under the Kyoto Protocol, the UK is committed to reducing its GHG emissions by 12.5 % on 1990 
levels by 2008-2012. Based on the most recent report by AEA Technology (AEAT) (2007), this is a 
target level of emissions of 678 Mt/year of C0 2 C and 519 Mt/year CO2 . However, the UK 
Government has set the total quantity of allowances consistent with achieving the more challenging 
domestic goal of moving towards a 2 0  % reduction in CO2 emissions below 1990 levels by 2 0 1 0 . 
The UK Phase I NAP allowance is thus 736.3 Mt CO2 i.e. 245.4 Mt/year CO2 (subsequently 
increased to 756.1 Mt i.e. 252.0 Mt/year after amendment), 93.7 % of which is allocated to existing 
installations and the remaining 6.3 % to a New Entrant Reserve (NER). Any allowances not used in 
the new entrant reserve will be auctioned (DEFRA, 2005a). Within each sector, these allowances 
have been allocated according to each installation's average share of annual emissions over the 
period 1998 to 2002, excluding the lowest year's emissions. As can be noted from Table 2.1, the 
reduction in allowances against “business as usual” is borne almost entirely by the Power Stations 
Sector, a point which is returned to in later chapters.
Table 2.1.UK NAP Phase I Allocations by Sector.
Annual allocation 
before 
subtracting NER 
(Mt CO2 )
Annual emission  
2003 
(Mt CO2 )
% change 
required from 
2003 
em issions
Power Stations 136.9 174.37 -21.5
Refineries 19.8 18.03 9.8
Offshore 19.1 17.47 9.3
Iron & Steel 23.7 19.85 19.4
Cement 11.2 9.71 15.3
Chemicals 10.4 9.41 10.5
Pulp and Paper 5.1 4.53 12.6
Food, Drink & Tobacco 3.9 3.95 -1.3
Non-Ferrous 3.1 2.80 10.7
Lime 2.7 2.22 21.6
Glass 2.2 1.92 14.6
Services 2.1 2.03 3.4
Other Oil & Gas 1.9 1.92 -1.0
Ceramics 1.8 1.79 0.6
Engineering & Vehicles 1.3 1.19 9.2
Other Oil & Gas 0.4 0.38 5.3
Total 245.4 271.57 -9.6
Source: DEFRA, 2005a.
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The UK NAP Phase II allowance has been set at 246.2 Mt/year CO2 . Allocations at installation level 
have been made according to the average over the period 2000 to 2003, excluding the lowest year's 
emissions with benchmarking adopted for the Large Electricity Producers Sector. The NER will 
comprise 6 . 6  % of the allowance and if up to 3 % of the allowance has not been taken up this can be 
auctioned (DEFRA, 2007b). As can be noted from Table 2.2, there has been some reorganisation of 
the sectors, e.g. the inclusion of Good Quality Combined Heat and Power (i.e. modem highly 
efficient cogeneration discussed further in Chapter 5) which is primarily responsible for the 
reduction in allowances for Refineries, as will be observed later in Section 3.3.
Table 2.2 UK NAP Phase II Allocations by Sector.
Annual allocation before 
subtracting NER 
(Mt CO2 )
Large Electricity Producers 107.4
CHP 24.8
Refineries 15.4
Offshore 20.2
iron & Steel 24.4
Cement 11.3
Lime 2.8
Glass 2.3
Ceramics 1.9
Puip and Paper 1.1
Aluminium 2.9
Chemicals 5.6
Food & Drink 1.7
Services 1.6
Downstream Gas 2.2
Other Eiectricity Producers 1.3
Mineral Wool and Gypsum 1.0
Aerospace, Vehicles, Semi-cond and Woodboard 1.1
Tobacco, Textiles, Minerals, Tyres and Munitions 0.3
Subtotal 228.9
Allowances for auction 17.2
Totai 246.2
Source: DEFRA, 2007b.
2.6 Summary of Findings
In summary:
1. The Kyoto Protocol is an achievement in terms of establishing an international process for 
making GHG emissions reductions to address global warming. However, its fundamental flaws.
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SO far, have been the absence of key nations (e.g. the US, China and India) who have not 
formally committed to reducing emissions and the setting of reduction targets that are too small 
(overall a 5 % reduction in 1990 levels by 2008 to 2012) to have any significant effect.
2. In order to deliver on its Kyoto Protocol commitment, the EU has commissioned a CO2 
emissions trading scheme or "cap-and-trade" system. In the case of the UK, the allocation of 
allowances is essentially “business as usual” apart from the Power Stations Sector that is 
expected to achieve a significant reduction (about 20 % on 2003 emissions).
3. The UK Government is taking a lead in promoting GHG emissions reductions for which it is to 
be commended. Fortuitously, the country has already met its Kyoto Protocol commitment of a 
reduction of 12.5 % below 1990 levels by 2008 to 2012. However, its target of achieving a 60 % 
reduction by 2050 to stabilise the CO2 atmospheric concentration at about 550 vppm limiting 
the increase in GMST to about 2 °C is a considerable challenge.
4. The Stem Review makes a compelling case for taking global actions to tackle climate change 
sooner rather than later. If early action is taken, the costs would be about 1 % of global GDP per 
year compared to the loss of at least 5 % increasing to more than 20 % of global GDP per year, 
depending upon the extent of risks considered, if no action is taken.
5. The UK NAP Phase I has specified an annual allocation of 19.8 t CO2  emissions for the 
Refineries Sector (representing 8  % of total allocations) that is reduced to 15.4 t in Phase II 
(with some reorganisation of the sector for the creation of a new Good Quality CHP Sector). 
Such allocations, together with the Government’s new stringent eniissions reduction target for 
2050, present the refining industry with a need for action.
Following this description of the international and EU scene, the next chapter investigates the
specific contribution that the UK petroleum oil refining industry makes to CO2 emissions, which
represents the start of the study as outlined by the five objectives given in Chapter 1.
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CHAPTER 3 -  CARBON DIOXIDE EMISSIONS FROM THE UK 
PETROLEUM OIL REFINING INDUSTRY
3.1 Introduction
The UK refining industry plays an important role in the general economy of the country. In a recent 
review, the UK Petroleum Industries Association (UKPIA) described the industry in 2005 as 
comprising nine major refineries with a processing capacity of 1.8 M bbl/day making it the fourth 
largest in Western Europe (UKPIA, 2007a). In that year, the UK Government received £30 G in 
fuel duty and value added tax on gross sales of £69 G made by UKPIA member companies. 
Although almost 15,000 people were directly employed by its members, in addition over 105,000 
people were employed in support roles e.g. as contractors (on refinery maintenance, as petrol station 
operators or tanker drivers, etc.). The companies supplied 90 % of inland oil consumption providing 
security of supply for the UK with valuable exports of excess petrol to the EU and to the USA. Over 
80 % of the crude oil processed was from the North Sea (UK and Norway) with the remainder from 
Russia and the Middle East.
This chapter provides an overview of the UK refining industry and reviews the sources of currently 
available empirical data for the subsequent analysis of CO2 emissions from the industry. It 
represents the start of the study as described in the first objective of Chapter 1 -  to conduct an 
investigation into the factors affecting emissions in the industry.
3.2 The UK Refining Industry
In physical terms, the UK refining industry actually comprises nine main and two small speciality 
refineries producing a range of hydrocarbon products such as liquefied petroleum gases (LPG), 
gasoline or petrol, diesel, gas oils and fuel oils from crude oil. Each refinery contains many separate 
but interconnected process units that separate, convert or purify hydroearbons to produce the full 
range of products.
The processing of crude oil is energy intensive and requires fuel for heating, steam raising and 
power generation, in addition to imported electricity. All these sources of energy have associated
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emissions of CO2 , either direct, i.e. emitted within the refinery boundary, or indirect, i.e. emitted 
from the external generation of power consumed by the refinery. In addition, there are also process 
emissions of CO2 from the combustion of coke that has been made as a reaction by-product.
3.2.1 Capacity and Configuration of the UK Refining Industry
Koottungal (2006) has compiled details of the UK refining industry as shown in Table 3.1 
following and for ease of understanding it may be helpful to refer to Figure 3.1, which is a 
simplified flow scheme illustrating the processing of crude oil into its refined hydrocarbon products.
Burner Fuel 
LPG
(H eating/C ookingl
Petrochemicals
(P lastics/F ibers)
NAPHTHA r
Catalytic Reforming
CRUDE
OIL
Lubes Processingr
Hydro-
treating
Gasoline
Jet/Kerosene
Diesel/ 
Heating Oil
Lubricants
Coke
Asphalt, Power 
Generation & 
Marine Fuel
Figure 3.1. Simplified Flow Scheme for the Refining of Crude Oil
Source: ExxonMobil, 2008b.
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In summary, Table 3.1 shows a well-established, large and complex refining industry. Both 
atmospheric and vacuum distillation separate the main product streams from crude oil and a range 
of conversion processes then upgrade low value heavy into more valuable lighter streams. These 
processes are coking, thermal operations, catalytic cracking, catalytic hydrocracking and catalytic 
hydrotreating of heavy oil and provide the means of matching the consumer’s demand barrel with 
nature’s supply barrel.
The quality of raw products is improved by subsequent proeessing, e.g. catalytic reforming (that 
increases the octane number of naphtha for producing gasoline) and catalytic hydrotreating (that 
removes sulphur from naphtha and distillate streams). With more stringent requirements for the 
latter, there can be a shortage of hydrogen so some refineries have now installed either production 
or recovery units to meet their increased needs.
Since there is a large demand for high quality gasoline components, many refineries also have 
alkylation, isomérisation and oxygenate processing units. Lubes (i.e. lubricating oils), asphalt and 
coke processing units produce speciality products and polymerisation and aromatics facilities 
provide feedstocks to petrochemicals operations.
In addition to these mainstream processes, refineries have large scale facilities for raising steam and 
generating power, and producing other utilities. There are also extensive environmental protection 
facilities, e.g. for clean-up of atmospheric and aquatic emissions and the processing of waste; the 
first includes recovery of sulphur which is a by-product from the processing of sour crude oil.
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3.2.2 Contribution of Oil Refining to UK GHG (CO2) Emissions
The contribution of the Oil Refining Sector to UK CO2 emissions is given in Table 3.2. In terms of 
CO2 emissions from the combustion of fuel, the oil refining (downstream) industry has made a 
steady contribution at just over 3 % of the total for the UK. By comparison, fugitive emissions from 
the upstream exploration and production of crude oil and natural gas have contributed just less than 
2  %, about half as much. ^
Table 3.2. Contribution of Oil Refining to UK GHG (CO2) Emissions.
G ree n h o u se  G as S o u rce  and S ink  C a teg o r ies
N et CO 2  
(Mt) % o f Total
% c h a n g e  2005  
from  1990
1990
Total N ational E m is s io n s  and R em ova ls 593.2
Fuel C om b u stion
E nergy Industries 236.4 39.9
Oil R efining 18.3 3.1
F ugitive E m iss io n s
Oil and  Natural G as 5.8 1.0
Flaring 3.9 0.7
2005
Total N ational E m is s io n s  and R em ova ls 555.5 -6.4
Fuel C om b u stion
Energy in d u str ies 209.2 37.7 -11.5
Oil R efining 18.2 3.3 -0.6
F ugitive E m iss io n s
Oil and  Natural G as 5.7 1.0 -0.2
Flaring 4.6 0.8 17.3
Source: AEAT, 2007.
3.3 CO2 Emissions of Individual Oil Refineries
The annual allocations given to individual oil refineries as part of the EU ETS Phases I (2005-7) 
and II (2008-12) UK NAP are shown in Table 3.3.  ^ Since these allocations have been determined 
on historical emissions as described in Section 2.5, it is worth examining the trend of emissions 
from individual refineries. Annual emissions are shown in Figure 3.2 but the absence of information 
such as timing of maintenance shut downs makes it difficult to make any eomment except to note 
some variability. (No data has been found for 2004 since this year falls between reporting 
requirements for the UK NAP Phase I and II setting periods covering 1998 -  2003 and the 
beginning of the EU ETS from 2005).
 ^ Although the same source (AEAT, 2007) also provides data on CH4 and N 2O, their contribution as GHG emissions is 
relatively insignificant, at 0,01 and 0.116 Mt CO^e respectively in 2005, so they are not analysed further in this study.
 ^ There have been several mergers and acquisitions affecting the names o f some o f the refineries. The BP Refinery at 
Coiyton is now the Petroplus Refinery; the Esso Refinery at Pawley is now the ExxonMobil Refinery and the Texaco 
Refinery at Pembroke is now the ChevronTexaco Refinery. In all these cases, the names used by the cited references 
have been retained for consistency.
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The ability of the refineries to stay within these allocations after two years of operation of the EU 
ETS can be seen from Table 3.4; the implications are discussed in detail in later chapters.
Table 3.3. Annual NAP Allocations for UK Refineries.
Refinery
P h ase 1 2005 - 2007 P h ase il 2 0 0 8 -2 0 1 2
Refineries Sector  
(tCO^)
R efineries + CHP S ector  
(tCO :)
CHP S ector  
(tCO j)
Refineries S ector  
(tCOz)
BP Oil UK Ltd, Coryton Refinery 2396984 2221011 2221011
ConocoPhillips, Humber Refinery 2580539 2385141 2385141
Esso Petroleum Co Ltd, Fawley 
Refinery 3623758 3318229 1290560 2027669
Npower COGEN Trading Ltd, 
Esso Fawley Refinery 479906
Ineos Manufacturing Scotland Ltd, 
Grangemouth Refining 1463785 1622661 986580 636081
Fortum 0  & M (UK Ltd, 
Grangemouth 709913 709913
Shell UK Oil Products Ltd, 
Stanlow Refinery 2967273 2781245 1030277 1750968
Texaco Ltd, Pembroke Refinery 2175746 2103973 2103973
Total UK Ltd, Total Lindsey Oil 
Refinery 2115511 1977656 487848 1489808
Total Milford Haven Refinery Ltd, 
Total Milford Haven Refinery 1221437 1149652 1149652
Petroplus Refining Teeside Ltd, 
North T ees Site 283874 270622 270622
Eastham Refinery Ltd, Ellesmere 
Port 58395 55515 55515
Nynas UK AS, Dundee 22624 21051 21051
Ineos Manufacturing Scotland Ltd, 
Grangemouth Power Station 986580 986580
Total 19389832 19603249 4505178 15098071
New Entrant Reserve . 410168 319519
Total including NER 19800000 15417590
Source: DEFRA, 2005b; DEFRA, 2007c.
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Figure 3.2. Trend of CO2 Emissions from Individual UK Oil Refineries from 1998 to 2006.
Source: DEFRA, 2005b; DEFRA, 2006a; DEFRA, 2007a.
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Table 3.4. Annual CO2 Emissions from UK Refineries for 2005 and 2006.
Refinery
NAP P h a se  1 A llocation  
( t e o a )
2005
(tCO z)
Emission 
% o f A llocation
2006
(tC O j)
Emission  
% o f  A llocation
BP Oil UK Ltd, Coryton Refinery 2396984 1997522 83.3 1931222 80.6
ConocoPhillips, Humber Refinery 2580539 2351567 91.1 2186559 84.7
E sso  Petroleum Co Ltd, Fawley 
Refinery 3623758 3149575 86.9 3088121 85.2
Npower COGEN Trading Ltd, 
E sso  Fawley Refinery 479906 622161 129.6 464424 96.8
Ineos Manufacturing Scotland Ltd, 
Grangemouth Refining 1463785 1607909 109.8 1449959 99.1
Shell UK Oil Products Ltd, Stanlow  
Refinery 2967273 2959427 99.7 2946442 99.3
T exaco Ltd, Pembroke Refinery 2175746 2351567 108.1 2220839 102.1
Total UK Ltd, Total Lindsey Oil 
Refinery 2115511 1758034 83.1 1821223 86.1
Total Milford Haven Refinery Ltd, 
Total Milford Haven Refinery 1221437 1038345 85.0 1234371 101.1
Petroplus Refining T eesid e Ltd, 
North T ees Site 283874 252553 89.0 215420 75.9
Eastham Refinery Ltd, Ellesmere 
Port 58395 51440 88.1 49537 84.8
Nynas UK AB, Dundee 22624 29523 130.5 29392 129.9
Total 19389832 18169623 93.7 17637509 91.0
Source: DEFRA, 2005b; DEFRA, 2006a; DEFRA, 2007a.
From Table 3.4 and a Department for the Environment, Food and Rural Affairs (DEFRA) review of 
the EU ETS (DEFRA, 2007d) it is notable that, in 2005, Texaco Pembroke Refinery, Nynas Dundee 
Refinery and Npower COGEN at Fawley all had to purchase allowances. In addition, Ineos 
Grangemouth Refinery exceeded its allocation but, since this was due to the start-up of the rebuilt 
catalytic cracker, 0.25 Mt of allocation was provided from the NER. However, there was an overall 
surplus allowance (i.e. lower emissions) of 1.55 Mt compared to a projected emission of 19.7 Mt 
CO2 on which the NAP was based. This unexpectedly high surplus cannot be completely explained.
0.37 Mt of it is associated with the introduction of 10 ppm sulphur in petrol and diesel, and 1 wt. % 
sulphur in heavy fuel oil, which have not all been phased in yet. The remaining unaccounted 
amount is taken to be due to energy efficiency improvements and the increased level of 
management required for the scheme, both of which have prompted emission reductions more by 
better operation than by major investment.
In 2006, the industry again had a surplus of allocation over emissions. However, Texaco Pembroke 
Refinery had sustained high emissions and it does seem that their NAP allocation has been set 
slightly low due to the presence of two major maintenance activities in 1999 and 2003, only one of 
which could be discounted. BP Coryton Refinery, ConocoPhillips Humber Refinery, Esso Fawley
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Refinery and Total Lindsey Refinery all achieved a second year with emissions again significantly 
below their allowances providing the opportunity for sales. The timing of major maintenance 
activities may also continue to be significant and since these occur over four to six year cycles a 
longer term outlook is required.
3.4 Measures of Energy Efficiency and CO2 Emissions
For many years, Solomon Associates (2007), henceforth referred to as Solomon, have been 
providing the global oil refining industry with a confidential, subscription-based, benchmarking 
service by which individual refineries can objectively assess their performance relative to the 
industry across a range of criteria. One such criterion is energy performance where the challenge is 
to reduce energy waste due to leaks, inefficient equipment and insufficient information, and to 
ensure that systems and equipment run efficiently. Solomon's Energy Intensity Index (Eli) has 
become the industry standard for comparing energy consumption and, although there is little 
information in the public domain, the calculation formula is generally believed in the industry to 
take the form of:
Total Actual Refineiy Energy Consumed
E li = ---------------------------------------------------------------------------------------------------------    X 100
E [ (Unit Capacity x Unit Energy Standard) + Sensible Heat + Offsites Energy ]
Thus, the total actual energy consumed by a refinery in a given time period is normalised by its 
capacity and complexity according to standard energy consumption values for the different 
processes that comprise the refinery. Entec (2006) advise that a value of 100 indicates a plant with 
an efficiency equal to that of the average US refinery operating in the 1980s. In 2006 the worldwide 
average Eli was 92 with a range of 62 to 165, while the top 10 % of refineries had Ells of 75 or 
less. ExxonMobil (or Esso) Fawley Refinery, the largest refinery in the UK, was reported to have an 
average Eli for the same year of 75.0 (ExxonMobil, 2007a). Information on operating costs is very 
limited but, to put energy costs into perspective, the same refinery was recently reported to have an 
energy bill of $225 M/year (ExxonMobil, 2008c) so efficiency savings are generally worthwhile.
Some of the major oil companies, such as Royal Dutch Shell (2008), publish annual information on 
energy performance in the form of an average Eli of all their world-wide refineries as shown in 
Figure 3.3. In this case, a steady increase in energy efficiency is observed fi"om 2002 to 2005 but
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then the improvement reversed, advised to be due mainly to more shut downs at the refineries. Extra 
efforts are now being devoted to reverse the trend.
ENERGY INTENSITY-Refinene*
Erergy hteniiry Index ']EIF"|
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Figure 3.3. Trend of Solomon ETT for Royal Dutch Shell World-Wide Refineries.
Source: Royal Dutch Shell (2008).
For additional information, it has been reported that the average Eli for all British (nine) and Irish 
(one) refineries was 87 in 2002 (Nilsson, 2005). Allowing for energy efficiency improvements of 1 
EH per year (as indicated by Figure 3.3) this would suggest an average of 83 in 2006.
Nilsson et al. (2005) have also published 2002 data on average Eli values for refineries in a large 
number of European countries together with CO2 emissions intensity indices which they have 
developed. The latter are not described in detail but are calculated on a standardised basis similarly 
to Eli. These data are particularly interesting since they not only permit benchmarking of energy 
efficiency of the UK refineries with their European peer group but also analysis of a possible link 
between energy efficiency and CO2 emissions intensity index (CO2 II ) as shown in Figure 3.4.
It can be seen that the British and Irish refineries have an average Ell value that is significantly 
above (i.e. worse than) the average of all the European refineries and 18 % higher than the top 
performing Scandinavian and Benelux refineries. Thus there appears to be considerable scope for 
the British and Irish refineries to improve their energy efficiency.
Similarly, their CO2 II value is significantly above the average and 30 % higher than the top 
performers. The linearly regressed trend line plotted with a R  ^ value of 0.6931 shows there is a
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correlation, albeit not a strong one. Possible reasons for the weakness are differences in fuel types 
used by the refineries and relative sizes of their fluid catalytic cracking units that emit CO2 from the 
combustion of reaction coke. However, general support for this correlation is provided by 
Huijbregts et al. (2006) who found that cumulative energy demand for a wide range of products 
correlates well with most life-cycle impact categories, including global warming potential, and can, 
therefore, be considered an appropriate proxy for environmental performance.
Thus, based on these 2002 data, the most important finding is the potential for the British and Irish 
refineries to reduce their CO2 emissions by 24 % (CO2 II basis), with associated energy cost savings 
of about 15 % (Eli basis), if they can improve their operations to match the top performing 
refineries in Europe. This first estimate of emissions reductions/energy savings that are potentially 
achievable by the UK refining industry is very significant. It is also robust since the refineries 
provide their own energy data to Solomon for the benchmarking exercise, meaning that the results 
are generally recognised to be accurate and non-controversial, and the link between energy savings 
and emissions reductions is generally accepted. Nevertheless, further work described in later 
chapters will independently determine and verify the magnitude of the savings/reductions that are 
possible.
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Figure 3.4. Energy and CO2 Intensity Indices for the European Refineries.
Derived from Nilsson et al., 2005.
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Refineries calculate their Eli on at least a monthly basis and monitor their progress within the 
industry by their advised ranked position following a survey conducted by Solomon every two 
years. The index is used by the refineries for generating incentives to optimise their day-to-day 
operations and invest in upgraded equipment or new technology. Unfortunately, such detailed data 
are regarded as confidential and so are not published. Thus, the value of Eli is its accepted and 
comprehensive use by the oil industry but its weaknesses are significant in terms of limited access 
by interested non-subscription paying third parties and the arbitrary use of standard values that 
periodically require updating, as occurred in January 2007 when the index was universally 
increased by 13 points. It also suffers from being general to throughput rather than taking account 
of crude type, production efficiency or product spectrum; which could be revealed, for example, by 
normalisation to important products such as gasoline or diesel.
As well as offering a range of consulting services to the oil industry, Solomon is now starting to 
report CO2 emissions and offer a service in guiding companies to achieve their GHG reduction 
goals. However, their CO2 emissions factor is based on the standard energy approach and the 
service appears to be general in nature, such as providing support for complying with EU ETS 
requirements and developing energy efficiency improvement plans.
One concern that might be expressed with respect to independence and objectivity is the industry’s 
increasing reliance on Solomon and their relationship with the various regulatory authorities, as is 
indicated by the use of Eli data by The Netherlands in the determination of allowances given to the 
NER in their NAP (Entec, 2006).
In the UK, each oil refinery is required to report its total refinery CO2 emissions to DEFRA in a 
standard format and verified by a third party. These annual data are publicly available covering the 
period 1998 to 2003 as required for setting UK NAP Phase I and II allowances for the EU ETS, and 
subsequently from 2005 as required for demonstrating compliance with these allowances (DEFRA, 
2005b; DEFRA, 2006; and DEFRA, 2007a). Thus, there is the possibility of comparing one 
refinery's emissions with those from another in absolute terms rather than using an intensity index 
developed by a third party; see Figure 3.2 and Table 3.4 in Section 3.3. However, although 
informative, such a comparison or ranking is of limited value since it takes no account of refinery 
size, complexity of operations or product spectrum (the last similar to the argument used about Eli).
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Each oil refinery is also required to report to the Department for Trade and Industry (DTI), now the 
Department for Business, Enterprise and Regulatory Reform (DBERR), a range of statistics 
concerning its operations; e.g. amounts of crude oil processed and other imports, products made, 
fuels consumed etc. DBERR also collects data from other energy suppliers and consumers and 
publishes the results in their annual Digest of UK Energy Statistics. This is a useful comprehensive 
document that is excellent for analysing the aggregate UK use of energy but, because of commercial 
confidence, it does not include any data at the level of individual installations or refineries.
Consequently, from these sources, the best that is possible is an analysis of annual absolute CO2 
emissions from each refinery (see Section 3.3) and an analysis of annual CO2 emission factors for 
the aggregate UK refining industry as shown in Table 3.5.
Table 3.5. Trend of CO2 Emission Factors for UK Refining Industry from 1998 to 2006.
1998 1999 2000 2001 2002 2003 2004 2005 2006
CO2  Emissions (kt CO2 ) 18009 17263 17983 17068 18116 18026 18170 17638
Primary Oil Processed (kt) 93797 88286 88014 83343 84784 84585 89821 86134 83213
Emission Factor (kg C02/t oil) 192 196 204 205 214 213 211 212
Source: DEFRA, 2005b; DEFRA, 2006a; DEFRA, 2007a; DBERR, 2007.
Thus, it can be observed that there has been an increase in emissions intensity of 10 % since 1998. 
This is due, in general, to the need to reduce the sulphur content of transportation fuels requiring 
more processing and therefore more energy (with increased CO2 emissions) to achieve. Most 
importantly for this work, where the goal is to identify opportunities for CO2 emissions reductions, 
there is no more detailed analysis of factors affecting CO2 emissions for the UK refining industry.
Comparing Table 3.5 with Table 3.2 in Section 3.2.2 reveals that between the years 1990 and 2006 
there was a 3.8 % reduction in emissions, which represents some progress towards meeting the UK 
Government’s target of a 60 % reduction on 1990 levels by 2050, as described in Section 2.4. 
However, the limited and variable nature of this progress is exposed by observing that the average 
annual emissions over 1998 to 2006 were 17.8 Mt (2.7 % reduction) and if 2005 is used as the 
reference point the emissions were 18.2 Mt (< 1 % reduction).
3.5 Analysis of Energy Use
Workers at Drexel University in the USA have analysed comprehensive data collected by the US 
Department of Energy and provided detailed mass and energy balances for 108 industrial processes
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as given in a 1976 survey (Brovm et al., 1996). At the time, the intent was to investigate the 
efficiency of energy use across a large range of industries and one of the processes analysed was 
petroleum oil refining. In fact, sixteen sub-process units were defined to represent a typical US oil 
refinery. This is a most useful source of data, giving mass balances based on 1 lb of crude oil being 
processed and associated energy use (given in Btu). It permits some identification of the most 
energy intensive refinery processes, e.g. boilers for raising steam, atmospheric and vacuum 
distillation and naphtha reforming. However, it is flawed in not properly accounting for the heat 
release from the combustion of reaction coke in catalytic cracking because, although this energy is 
very significant, it seems to be common practice in some discussions to ignore it because the coke 
enters as part of the feed, not as a fuel (Gaines and Wolsky, 1981). In addition, there is no mention 
of CO2 emissions since this was of little interest at the time. However, although the work of Brown 
et al. is not directly applicable to anything other than the typical 1976 US refinery from which the 
data is derived, it does indicate a methodology that could be applied to assist in the analysis of the 
UK refining industry.
Work has also been done by others to determine the energy and environmental profile of the US 
refining industry (Energetics, 1998). Under the guidance of the US Department of Energy (DOE), 
aggregated data for the entire industry, as well as data at the process level, were used to create the 
profiles to better inform collaborative industry-DOE research and development planning and to 
permit research managers, policymakers, industry analysts and others to gain a general perspective 
of energy use and environmental impacts in the industry. The document is a valuable source of 
information on energy and environmental performance of refineries, not least because there is no 
comparable document describing the UK refining industry. Unfortunately, the US data reported are 
not directly comparable with available UK data; e.g. the US CO2 emissions were reported as 221 Mt 
in 1996 (compared to the UK at 18.0 Mt in 1998), and no data are given on the amount of primary 
oil processed by the US in that year to permit the calculation of a corresponding emission factor for 
comparison with the UK value of 192 kg C0 2 /t primary oil.
More recently, Wang et al. (2004) have used the US refining data from Brown et al. (1996) to 
allocate the energy used to the different petroleum products. The intent was to develop a 
methodology for allocating total refinery energy use and emission impacts to different refinery 
products in order to provide data for use in life cycle assessments (EGAs) of fuel/vehicle systems. 
However, because the aggregate approach at the refinery level is unable to take account of the 
different processing steps undertaken by the different refinery products, it is unsuitable for use in
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LCA work because it fails to provide allocation at the individual or sub-process level as 
recommended by the International Standard Organisation (ISO, 2006). Thus, the approach adopted 
by Wang et al. was to use the mass and energy balances of all the processes comprising the refinery 
of Brovm et al. and to allocate the energy used in these processes to the intermediate products made 
according to mass weighting. Then the total energy used in making a particular finished refinery 
product was determined by adding the energy use allocated to the specific intermediate products 
from the respective processes involved with producing that finished product.
Since the amount of refinery products made can be defined in terms of mass, energy content or 
economic value, all three were used by Wang et al. to allocate energy use. Thus, for the example of 
gasoline which comprised 46.0 % by mass of the refinery products from crude oil, the allocated 
refinery energy use on mass was determined at 53.7 %, on energy content at 53.3 % and on 
economic value at 58.7 %. (See Section 4.2.2 for a discussion of the relative merits of each 
approach).
Wang et al. also determined well-to-pump and GHG emissions of transportation fuels for a current 
typical US refinery according to these different allocations. This required determination of the 
amounts of fuel, steam and electricity required to make each product and assumptions about the 
types of, and CO2 emission factors for, the fuels consumed. By these means, the range of GHG 
emissions for gasoline was reported as 17.5 to 20.5 g/MJ (about 560 -  660 kg C0 2 e/ 1 0 0 0  I).
3.6 Analysis of CO2 Emissions
A review of published literature has revealed only limited empirical data concerning CO2 emissions 
from oil refineries, which is not surprising considering the confidential nature of their commercial 
activities. In particular, there are no detailed data on CO2 emissions or energy use specific to the 
UK refining industry as a whole, although this is essential for a high level analysis of possible 
technology and policy options in order to make emissions reductions, which is the focus of this 
study.
This general lack of data, and the need to make predictions about emissions from future possible 
operations, has prompted the wide-spread use of linear programming (LP) and process models. 
Throughout all this work there has been discussion of how best to allocate CO2 emissions to
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Specific refinery products of interest. Such approaches will now be reviewed for possible 
application in this work.
3.6.1 CO2 Emissions Determined from Empirical Data
Furuholt (1995) performed LCAs of gasoline, gasoline with MTBE and diesel in which access to 
company proprietary data from Statoil permitted him to analyse the supply chain from well-to-tank. 
The specific case was based in Norway covering the local wells in the Statfjord and Heidrun oil and 
gas fields, the Mongstad refinery and supply to a road transport vehicle. Using a functional unit of 
1 0 0 0  1, the energy consumption, gas emissions and potential environmental effects were determined 
for the three different fuels with partitioning of the refinery into sub-processes as recommended by 
ISO (2006). For example, the well-to-tank CO2 emission for regular gasoline (98 octane rating) was 
given as 200 kg/1000 1 and for the refining part of this alone the value was about 155 kg/1000 1. 
This work is valuable in providing accurate LCA data for the production of these fuels but, because 
of commercial confidence, no more details are given of the breakdown of energy use and CO2 
emissions associated with the process units or products made at the refinery.
The results from actual emission studies on two European refineries (one in South Europe and the 
other in Scandinavia) have been described by Spoor (2006) who identified 25 to 34 % of total CO2 
emissions as arising from atmospheric and vacuum distillation, 13 to 24 % from naphtha 
hydrotreating and reforming, 19 to 14 % from fluid catalytic cracking and 38 to 13 % from utilities. 
Further work by Bruna et al. (2006) describes how a systematic approach for improved energy 
efficiency was adopted on a refinery in Gibraltar to develop a range of short and long term solutions 
with a proposed road map for investment.
Both these sources are interesting for the empirical data presented (albeit limited for reasons of 
commercial sensitivity) and the description of the methodology used for conducting such 
assessments. However, details are scarce: no allocation of CO2 emissions is made to any product 
and the refineries considered are not identified as being in the UK which is the country of interest 
for this study. Nevertheless, the data are useful for comparison with the results from this study in 
Chapter 4.
In summary, the collective work of Spoor and Bruna et al. provides interesting general information 
but is focused on showing the capabilities of a consulting company to improve energy
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efficiency/reduce CO2 emissions to prospective refinery customers. Ho’wever, Furuholt provides a 
useful benchmark for assessing UK refineries against a Norwegian one in this work.
3.6.2 CO2 Emissions Derived Using Theoretical Models
To overcome the difficulties of lack of access to confidential empirical refinery data, several 
workers have resorted to the use of LP to build a model of a typical refinery that can then be used to 
investigate the factors affecting CO2 emissions. Such an approach has been developed and applied 
generally in LCA for processes and environmental burdens (e.g. Azapagic and Clift, 1999). The use 
of LP models for refineries will now be reviewed.
First, it is worth noting the difference between an “accounting” LCA as used in the work of Wang 
et al. and a “consequential” LCA as used for decision making. “Accounting” or “attributional” 
LCAs are used to describe the average environmental burdens for making a unit of product from the 
system and “consequential” or “prospective” LCAs are used to model the environmental effects of 
changes to the system. It is the latter type that is most suited to the application of LP models, 
because the marginal contribution of each product to the total refinery CO2 emissions can be 
determined by running the model for different parametric cases, e.g. marginally more and less 
gasoline production.
Babusiaux (2003) developed an LP LCA model, reported as tested on a French refinery, to 
investigate refinery CO2 emissions for different methods of production of different fuels. In order to 
address the issue of allocation, calculation of a '^marginal emissions content” for each refinery 
product was proposed. However, no numerical results are presented and instead the results were 
described as “interesting” because some were not intuitive; for example, in certain cases negative 
marginal contents were obtained for gasoline. Some explanations are available upon reflection, but 
important questions remain about the application of a margin or profit maximisation model to a cost 
minimisation model and possible cases of degeneracy. This work simply highlights some general 
concerns associated with the use of LP models in predicting refinery CO2 emissions.
Such use of a LP model for providing data on how marginal changes to the process units and 
production of refined products affect refinery CO2 emissions is of interest where the intent is to 
optimise the whole system by making a series of small but significant changes. It would be of 
particular merit, for instance, in the analysis of how the production of an additional unit of gasoline
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or diesel would affect total emissions. However, this study is focused on identifying and 
quantifying all the different sources of emissions, to provide a starting point for the subsequent 
analysis of technology and policy options to seek possible means of reduction. In this sense, the 
theoretical model is being considered as a source of “gross” or “average” emissions data rather than 
“net” or “marginal” data.
Pierru (2006) progressed the work of Babusiaux by suggesting a particular method (the Aumann- 
Shapley price method) for allocating a refinery’s CO2 emissions among the various finished 
products if the marginal basis of allocation is not possible. Such is the case when the LP models are 
short-run (with binding capacity constraints) or long run incorporating a constraint on the 
availability of emission permits.
Tehrani Nejad (2007) has continued work on this same topic. He argues that since most practical LP 
models are degenerate in that they produce multiple optimal solutions, the application of LP to LCA 
studies of oil refineries with multiple co-products should be interpreted with care. There are also 
specific objections to the use of LP as a tool for retrospective (or “accounting/attributional”) LCA 
studies. Thus, the value of this work lies in highlighting in detail some of the remaining concerns 
about the use of LP models in allocating refinery CO2 emissions to multiple products.
In summary, the literature describes the extensive use of LP models for LCA studies and the issues 
of allocation of environmental burdens, e.g. CO2 emissions, to multiple co-products, such as 
gasoline, from a manufacturing process, such as an oil refinery. This approach is appropriate where 
the LP model is used to provide marginal emissions data for small process changes used in 
“consequential” or “prospective” LCA analyses, but this study has a different purpose. The focus 
here is on benchmarking historical refinery emissions performance and seeking emissions reduction 
options from refinery process units with an analysis of operations (e.g energy efficiency), 
technology options (e.g. steam and power generation) and policy (e.g. the EU ETS). This requires 
an “accounting” or “attributional” analysis. Knowledge about the actual emissions from steam and 
power generation, catalytic cracking, flare stacks, etc. can provide useful information on the 
maximum scope of possible reduction options; empirical data is judged best for this purpose. The 
alternative would be to develop a LP model and use the empirical data to validate it. This would 
require considerable time and effort and would be unlikely to enhance the validity of the results or 
make them more representative.
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Other workers have developed process models for use in investigating refinery CO2 emissions. 
Chew (2001) used a complex optimisation model, based on published work, comprising a master 
(or site-level model) and sub-models (or process models) to represent a typical refinery. Running 
the model identified the major sources of CO2 emissions as the fluid catalytic cracking unit (FCCU) 
at 33 % of the total, followed by the steam boilers of the utility system at 15 %. A sensitivity 
analysis revealed that an arbitrary reduction in energy consumption was insufficient to achieve a 
large reduction in CO2 emissions. Constraints were imposed on the model in terms of both an upper 
limit and tax on emissions using crude throughput and FCCU conversion as manipulated variables. 
The results showed that profitability suffered most by the imposition of a tax, suggesting that 
imposing an upper limit with a tax on any violation was most efficient. Overall, this work describes 
an interesting model but one which has been used in a simplistic manner. Nevertheless, it provides a 
check on the results from this study as presented in Chapter 4 and indicates possible policy 
measures for reducing emissions as discussed in Chapter 6 .
Mertens et al. (2006) describe how a rigorous simulation tool that includes fractionation and reactor 
models can help to obtain a correct prediction of the total CO2 emissions from a refinery. The 
results from running a proprietary integrated steam model are also shown. However, the data for the 
refinery process units are really only illustrative and not suitable for direct use in other work.
3.6.3 CO2 Emissions Derived by Well-to-Wheel Studies
Although LP and other theoretical models have been used, it is appropriate also to review certain 
studies of well-to-wheel energy use and greenhouse gas emissions of automotive fuels and 
powertrains, particularly since many of the major oil companies have collaborated with vehicle 
manufacturers in these studies.
The Argonne National Laboratory in the USA, commissioned by General Motors Corporation for 
the US context, performed a study with BP, ExxonMobil and Shell (ANL, 2001) using a model to 
estimate well-to-tank energy and GHG emissions covering 13 different fuels (including low sulphur 
gasoline, hydrogen and blended ethanol) and 15 different powertrains (including the conventional 
spark-ignition combustion engine, hybrid electric and fuel cell motors). Notional refinery data 
(simulated by an LP model) and other data were incorporated into a model called GREET 
(Greenhouse gases. Regulated Emissions, and Energy use in Transportation) that then calculated the 
energy consumed (Btu/mile) and GHG emissions (g/mile C0 2 e comprising CO2 , CH4 and N2 O). In
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this work, the well-to-tank GHG emissions for 2001 US formulated gasoline were calculated to be 
20000 -  22000 g/M Btu of fuel delivered to vehicle tanks. This is equivalent to about 610 -  670 kg 
COic/lOOO 1 which is consistent with Wang et al. but is significantly higher than the estimate of 200 
kg CO2/IOOO 1 reported by Furuholt for the Norwegian case. For low sulphur gasoline the values 
increase to 20000 -  24000 g/M Btu. Apart from the different focus on C0 2 C and CO2  emissions, 
Furuholt also has possible explanations why his values were from 2 - 1 0  times lower than other 
early 1990s published data: Statoil had shorter transport distances, the refinery was subjected to 
detailed partitioning in his analysis and Statoil’s facilities were both fairly new and built to high 
standards.
A similar well-to-wheel study was performed by others in the European context (CONCAWE et al., 
2007). This gives well-to-tank GHG emissions for 2002 gasoline of 11 -  15 g C0 2 c/MJ (11600 -  
15800 g C0 2 C /M Btu or about 350 -  480 kg C0 2 C /lOOO 1) which is significantly less than ANL 
(610 -  670 kg C0 2 c/ 1 0 0 0  1) but significantly higher than Furuholt (200 kg CO2/IOOO 1). The 
refining contribution to the well-to-tank total is advised to be 7 g C0 2 c/MJ. No detailed comparison 
has been made between the European and US studies but CONCAWE’s refineries would be 
expected to have short transport distances and fairly efficient modem facilities, similar to Statoil, 
compared to the US refineries.
The European well-to-wheel study is also revealing in identifying that only 14 % of GHG emissions 
occurred over the well-to-tank pathway compared to 8 6  % over the tank-to-wheel pathway. This 
highlights the much larger role that consumers, vehicle manufacturers and the Government all have 
available to them for achieving substantial reductions in CO2 emissions in the Transport Sector. 
Within the well-to-tank pathway, the study reports that refining accounts for 56 % of the total GHG 
emissions but there is no detailed breakdown across individual processing units.
A summary of all these reported findings, together with the results from this study, is given in 
Section 4.3.
3.7 Summary of Findings and Conclusions
In summary:
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1. The refining industry comprising nine main and two small refineries has made a relatively 
steady contribution at just over 3 % of total UK CO2 emissions over the period from 1990 to 
2005.
2. Although EU ETS NAP Phase I allowance allocated to the refining industry was significantly in 
excess of recent CO2 emissions, some individual refineries have been close to, or exceeded, 
their allocations requiring them to make purchases on the EU ETS.
3. The British and Irish refineries have below average performance in their European peer group in 
terms of Solomon Energy and IVL CO2 Emissions Intensity Indices. Based on 2002 data, the 
most important finding by this author is the potential for the British and Irish refineries to 
reduce their CO2 emissions by 24 %, with associated energy cost savings of about 15 %, if they 
can improve their operations to match the top performing refineries of Scandinavia and The 
Benelux.
4. Despite steady emissions over 1998 to 2006 there has been a 10 % increase in CO2 emissions 
factor (kg C0 2 /t primary oil processed) for the UK refining industry.
5. Progress by the refining industry towards meeting the UK Government’s target of reducing 
emissions by 60 % on 1990 levels by 2050 appears to be challenging based on recent variable 
values that include < 1 and 3.8 % for 2005 and 2006 respectively.
It is concluded that despite some interesting and useful findings, this review of literature has not 
revealed specific details of factors affecting CO2 emissions in the UK petroleum refining industry to 
permit the objectives of this study as defined in Section 1.1 to be achieved. Additional work is thus 
required to obtain the necessary empirical data. The next chapter describes how data has been 
obtained from selected UK refineries and processed in order to progress the stated objectives of the 
study.
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CHAPTER 4 -  SOURCES OF CARBON DIOXIDE EMISSIONS FROM
INDIVIDUAL UK REFINERIES
4.1 Introduction
This chapter describes the methodology and results of an examination of mass and energy flows, 
sources of CO2 emissions and energy performance of two selected refineries located in the UK. 
Together with Chapter 3, it completes the first objective of the study as described in Chapter 1 -  to 
conduct an investigation into the factors affecting emissions in the UK refining industry.
Such is the quality and detail of the sensitive material obtained that Non-Disclosure Agreements 
have been implemented to protect the commercial interests of the refineries. As a result, they are 
henceforth referred to as Refinery A and Refinery B and all their confidential data have been 
assigned to Volumes II and III of this thesis with restricted access.
4.2 Methodology
Section 3.6 reviewed several sources of CO2  emissions data, including previously published 
empirical data and those derived from the use of theoretical models and well-to-wheel studies. In all 
cases, there are deficiencies or issues that have prompted a new and different approach for obtaining 
data that can be used for accounting purposes.
Sections 4.2.1 to 4.2.3 describe the methodologies adopted to obtain and process the necessary data 
and information. Initially, the individual sources of refinery CO2  emissions have been identified and 
quantified from mass and energy balances, and then they have been allocated according to different 
techniques. At the first level, this has been done by process unit and normalisation to the amount of 
primary oil processed, and at the second more detailed level, LCA techniques have been used to 
allocate emissions to a specific final product, i.e. gasoline.
4.2.1 Mass and Energy Balances
One month periods of stable operation with all process units in service were selected for analysis: 
August 2006 for Refinery A and November 2006 for Refinery B. Such a basis is consistent with
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existing refinery stewardship reporting and provides a reasonable quantity of data for analysis; 
shorter periods would suffer from short term variability including minor upsets, and longer periods 
would have forced the inclusion of maintenance events when one or more process units were out of 
service for considerable periods of time.
For each refinery, the amounts of crude oil and other imports were obtained and the corresponding 
flows of hydrocarbon derivatives traced across each of the process units to where the amounts and 
types of final products were defined. Account was also taken of hydrocarbon streams that were 
internally consumed as fuel, e.g. catalytic cracker gas and coke. In particular, all the different 
components produced and used in the blending of gasoline were identified.
The energy balances have taken a reference temperature of 24 °C (75 °F used in the original source) 
and a standard chemical engineering textbook (Maxwell, 1975) has been used for calculating the 
enthalpies of each of the process unit input and output hydrocarbon and utility streams. The 
properties and amounts of the different fuels, steam and electricity consumed and produced on each 
of the process units were obtained from refinery records. Apparent exothermic or endothermie heats 
of reaction were determined from enthalpy balances around the particular reactors involved.
Further details explaining how these mass and energy balances have been derived from refinery 
data are given in the confidential sections: Volume II for Refinery A and Volume III for Refinery B.
4.2.2 Allocation of CO2 Emissions
At the first level, the direct sources of CO2 emissions from the combustion of fuels have been 
allocated to the different refinery process units; e.g. atmospheric distillation, visbreaking and 
including steam and power generation. Gaseous hydrocarbons that were burnt at flares were also 
taken account of and, since of unknown origin, have been classified as emissions from a separate 
process unit. By this means, the most significant sources of CO2 were identified and quantified.
These absolute emissions were then normalised to the amount of primary oil (crude oil and other 
imported raw materials e.g. vacuum gas oil, butane) processed to provide an emissions intensity 
index that can be used for meaningful benchmarking of Refineries A and B, and also with others, 
e.g. the aggregate U.K. refining industry.
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At the more detailed seeond level, the CO2 emissions assoeiated with steam and power generation 
have been allocated to the different process units and all emissions then allocated to the components 
used in the production and blending of gasoline. As explained in Chapter 3, the allocation basis is 
that used in “accounting” or “attributional” LCAs to describe the average environmental burdens 
for making a unit of product from the system and follows the general approach used by Wang et al. 
(2004). Thus, from the mass and energy balances of Refineries A and B, the combined CO2 
emissions (assoeiated with fuel, steam and power consumed, and any process coke produced) from 
the individual processes were allocated to the intermediate products according to mass weighting. 
Then the total CO2 emitted in making a particular finished refinery product was determined by 
adding the CO2 emissions allocated to the specific intermediate products from the respective 
processes involved with producing that finished product. An example of how the allocation was 
made for the simple flow scheme shown in Figure 4.1 is given below.
Feed
■ ► E o c i
E R 1
y l
Figure 4.1. Flow Scheme to Illustrate Allocation of CO2 Emissions to Gasoline Components 
Produced by a Hypothetical Refinery.
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In Figure 4.1, A, B, ete. are the process units comprising the hypothetical refinery and, for example, 
CO2  A is the mass rate of CO2 emissions from unit A, etc.,
A a 1 is the mass rate of stream 1 of product a from unit A, etc., 
and ^  A is the sum of the mass rates of products from unit A, etc..
Thus, the allocated CO2 emissions for the gasoline components identified as, for example,
A a 2 , C p 1, D p 1, and E p 1 are:
A a 2
A a  2 “  CO2  A  •
Z A
A p 1 C p 1 C p 1
C p 1 = CO2 A  • -----------  .   +  CO2 C • -----------
Z A  Z C  Z C
A y2 Bpi  Dpi  Bpi  Dpi  Dpi
D P 1 =  CO2 A  • -----------  •   •   +  CO2 B •   •   +  CO2 D  • -----------
Z A  Z B  Z D  Z B  Z D  Z D
A y2 B p i E p i B a i E p i E p i
E p 1 = CO2 A  •   • -----------  • -----------  + CO2 B  •  •  + CO2 E
Z A  Z B  Z E  Z B  Z E  Z E
Ay2 Bpi  D a l  Epi  Bp i  D a l  Epi
+  C O 2  A  • ------------- •   •-- -----------  • -----------  +  C O 2 B  • --------- -- . -----------  •-- ------------
Z A  Z B  Z D  Z E  Z B  Z D  Z E
D a l  Epi
+ C02B • --------  •--------
Z D  Z E
Thus, the total allocated CO2 emissions associated with the production of all components used in 
the blending of gasoline is the sum of the above, i.e. Aa2  + C p i + D p i  + Epi .
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At this point it is worth noting that the allocation of an environmental burden could be based not 
just on mass but also on energy content or economic value. (Volume is discounted because refinery 
products cover all three phases). It can be recalled that Wang et al. (2004) compared these bases in 
their work with a US refinery, as discussed in Section 3, and for gasoline, which comprised 46.0 % 
by mass of the refinery products from crude oil, the allocated refinery energy use on mass was 
determined at 53.7 %, on energy content at 53.3 % and on economic value at 58.7 %. Several 
important points can be drawn from this:
1. There is a need for proper allocation of energy use at the individual process level (as 
recommended by ISO, 2006) rather than distribution according to the mass yields of products at 
the refinery level.
2. The benefit of allocation on energy content is questionable since there is no natural reason why 
a product with higher energy content should require more energy for its production. The need to 
consider this basis is also diminished because of the similarity to allocation on mass since the 
heating value of gasoline (and other refinery products) differs only slightly from that of crude 
oil (respective gross calorific values in GJ/t are: 45.7 for crude oil, 50.7 for ethane, 47.1 for 
gasoline and 43.3 for fuel oil from DBERR (2007)). In addition, energy consumed is usually 
proportional to the mass of products processed.
3. There are disadvantages in allocation on economic value due to uncertainties in estimating the 
values of intermediate refinery products, the lack of theoretical constraints on those values 
(mass and energy input and output values always balance but economic values do not) and 
inevitable changes over time in the values used (economic values are set by market forces which 
can be very erratic). But, it should be noted this approach is contrary to ISO (2006).
However, energy allocation on mass is not without some imperfections. In the naphtha reforming 
process, a high octane gasoline component (reformate) is produced together with a relatively small 
quantity of hydrogen which is used in the subsequent desulphurisation of diesel and heating oil. 
The allocation of energy on mass ignores the fact that dehydrogenation reactions are highly 
endothermie compared to the isomérisation and hydro cracking reactions that also take place. This 
means that reformate has a disproportionately higher energy allocation on mass basis; conversely, 
diesel and heating oil have disproportionately lower energy allocation. As will be observed in 
Section 4.3.2, the CO2 emissions assoeiated with reforming are about 10 % of total refinery 
emissions so although the discrepancy does not appear to be serious it is worthy of note and could 
be explored further in future work.
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On balance, energy (and CO2 emissions) allocation on mass, using the approach of Wang et ah, is 
believed to be the rational choice and is to be used throughout this work.
4.2.3 Operations Analysis
Since it is important for this study to identify the opportunities for making energy and CO2 
emissions savings, the day-to-day operations of both refineries have been analysed. With a focus on 
existing steam and power generation, the steam system and process fired heater operations, this has 
taken the form of defining the as-is operation at each refinery and comparing this to a best practice 
based on the author’s experience. Options have then been suggested for closing the identified gap 
with their costs estimated based on the author’s experience and the resulting savings and benefits 
determined using actual economic data provided by the refineries. (See Appendices C and D).
Unfortunately, although subsequent allowances have been made, it has been beyond the scope of 
this study to perform a more detailed investigation of steam and power consumption by individual 
process units, e.g. steam used for stripping of distillation products and venting or recycling on 
compressors and blowers. Nor was it possible to examine the opportunities for heat integration 
through the use of pinch technology. Both these activities require considerable amounts of 
information, data and time that are not sufficiently available in this study, but could be considered 
as possible future work.
Thus, it has been possible to estimate the scope and character of possible energy/C0 2  emissions 
savings in terms of both mass and money values for Refinery A and Refinery B. (See Appendix E).
Solomon Eli values have also been obtained for each refinery for the months studied to investigate 
whether there is any inconsistency with the allocated CO2 emissions and results from the operations 
analysis.
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4.3 Results for Refineries A and B
Although the detailed eonfidential results for Refineries A and B are contained in Volumes II and 
III respectively, the results have been normalised on a basis of 1 Mt of crude oil processed and these 
normalised results for direct CO2 emissions for on-site refinery operations follow. (Indirect 
emissions associated with the external generation of imported electricity are treated separately).
4.3.1 Sources of CO2 Emissions and Energy Efficiency
At the first level, from the normalised mass and energy balances for Refineries A and B contained 
in Appendices A and B respectively, it has been possible to construct Figures 4.2 and 4.3 
summarising the flow plan and sources of CO2 emissions for each refinery. These show the units 
involved in the processing of crude oil into refined petroleum products together with their 
associated CO2 emissions. In both refineries, catalytic cracking, which converts heavy oils into 
more valuable lighter .products, has by far the largest emissions at 35 % of the total refinery 
emissions. This is because coke produced as a reaction product is combusted to regenerate the 
catalyst and provide heat energy on a continuous basis. Other high emissions refinery operations are 
steam and power generation at about 25 % of the total and distillation at just less than 20 %, the 
latter being the first processing step to separate crude oil into its various cuts for subsequent 
processing. Processes for reforming or producing additional naphtha for gasoline, the 
desulphurisation of diesel/gas oils and residue conversion account for other significant emissions. 
Emissions from flaring, the controlled release of any excess pressure on a process unit where, in the 
absence of a flare gas recovery compressor, associated hydrocarbon vapours are combusted at the 
top of a tall stack, are not insignificant at 3 %.
There were also significant indirect CO2 emissions assoeiated with the external generation of 
imported electricity consumed by both refineries, which represent an additional 7.1 and 2.8 % on 
the direct emissions of Refineries A and B respectively, as determined in Appendices F of Volumes 
II and III. These indirect emissions are not included in the refineries’ EU ETS NAP allocations so 
are noted, but not discussed further here; future work could investigate the significance of CO2 
emissions accounting for the refining industry on a consumption basis, rather than the current 
production basis, not just for electricity but also including any imported processed hydrocarbon 
feedstocks.
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A side-by-side comparison of the sources of CO2 emissions for Refineries A and B is given in 
Figure 4.4. This shows some consistency between the two refineries but substantially higher 
emissions for Refinery B. Overall, this refinery emits 207 kg C0 2 /t primary oil processed, i.e. 22 % 
more than Refinery A at 169 kg/t. This is also reflected in its Solomon Eli value at 85.7 compared 
to 78.0 for Refinery A (a lower value indicating a more energy efficient refinery) and is compatible 
with the findings of Figure 3,4 in Chapter 3 derived from Nilsson (2005).
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Figure 4.4. Sources of CO2 Emissions on Refineries A and B.
Section 3.6.1 noted emissions data determined by Spoor (2006) from two non-UK European 
refineries. These are compared with the results for Refineries A and B in Table 4.1. It can be seen 
that the emissions from catalytic cracking are much larger for the two UK refineries indicating 
some important differences in design and operation of the FCCUs in the region. Although details 
are lacking, it is known that emissions from the combustion of coke during regeneration of the 
circulating catalyst are much larger than those from the feed preheat fumaee. Factors that influence 
the amount of reaction coke deposited on the catalyst are numerous and varied but possible reasons 
for the larger UK emissions include the historically high demand for gasoline that has boosted UK 
processing capacities, the running of poorer quality feeds to reduce UK refinery yields of fuel oil, 
and the presence of integrated petrochemicals plants on UK refineries taking light olefins as 
feedstock requiring higher conversion operations. Otherwise, the relative magnitude of the
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emissions are similar; i.e. naphtha processing has the lowest followed by distillation, with steam 
and power generation the highest.
Chew (2001) also observed similar findings to this study with catalytie cracking at 33 % and the 
steam boilers at 15 % of total emissions but using a complex refinery optimisation model, not actual 
refinery data, as described in Section 3.6.2.
Table 4.1. CO2 Emission Sources for Refineries A and B Compared to Those at Other 
Refineries.
Source Refineries A and B 
(% of Total Emissions)
Two European Refineries 
(% of Total Emissions)
Distillation 1 9-15 2 5 - 3 4
Catalytic Cracking 3 4 - 3 5 1 9 -1 4
Naphtha Hydrotreating and Reforming 1 0 -1 4 1 3 -2 4
Steam and Power Generation 22-27 38-13
Source: European refineries’ data from Spoor (2006).
When CO2 emissions are normalised on the amount of primary oil processed, it can be seen from 
Table 4.2 that Refineries A and B have almost the same emissions from distillation. However, 
Refinery B has considerably higher emissions from catalytic cracking (26 % more, due to the higher 
yield of reaction coke and larger feed preheat furnace duty because of non-specified differences in 
equipment design and operating conditions), from naphtha hydrotreating and reforming (64 % 
more, due to the larger processing capacity), and from steam and power generation (48 % more, due 
to some on-site power generation -  Refinery A has none).
Table 4.2. Comparison of Normalised CO2 Emissions for Refineries A and B
Source Refinery A 
(kg/t primary oil)
Refinery B 
(kg/t primary oil)
Distillation 31.8 31.5
Catalytic Cracking 5K3 73 j
Naphtha Hydrotreating and Reforming 17.3 283
Steam and Power Generation 372 55.1
Total for Refinery 169.2 206.5
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4.3.2 CO2 Emissions Allocated to Gasoline
At the more detailed second level, the direct CO2 emissions associated with refinery steam and 
power generation have been allocated to the different process units and all emissions then allocated 
to the components used in the production and blending of gasoline as shown in Figures 4.5 and 4.6. 
Again, as for indirect emissions associated with imported electricity, it should be noted that the 
third party emissions associated with imported components such as butane and MTBE are not 
included.
65
Chapter 4 -  Sources o f Carbon Dioxide Emissions from Individual UK Refineries
Non-Crude Oil
0,000 Mt Imported AR Lt Reform to 0 5 , 0 6  Isom
0,286 Mt Imported VGO 0.016 iMtlmpLVN
0,090 Mt imported GO Overheads
Mt Imported Diesel Wet Gas 
SeparationMt Imported n-04
0 4  to 0 4  Isom 
0,012 |M tC4 C5/C6 Isomérisation
Hyd Lt Nap to C5. C6 Isom 
I 0.028 |M t0 5 ,0 6
SR Nap to Nap Hyd/Reform
0.173 Mt SR Nap
Straight Run Naphtha
Naphtha
Hydrotreating Reforming
Atmos
Distillation Hyd Hvy Nap to Reform
Kerosene Merox
0,140 iM tH ydSR N ap
D iese
Desulphurisation
Crude Oil
Ref 0 4  to 0 4  Isom
0.003 [Mt Ref n -04
5d to Atmos Distillation Imp 0 4  to 0 4  Isom
Mt Crude Oil 0.052 [M tlmpG4
Mt LPG rec
Catalytic Cracked 
Naphtha HydrotreatingAR to 0 0
0.017 MtAR
Atmospheric
Resid
0 0  Nap to 0 0  Nap Hyd
AR to Vac Dist 0.189 iM tOONap
0,456 Mt AR 0 4  Isomérisation
Imp VGO to 0 0
0.286 iM tlmpVGO 0 0  Hvy Nap to Nap Hyd/Reform 
0.003 |Mt 0 0  Hvy N a p "I AR to Vac Dist
Imp AR Imp AR to 0 0
0.000 JMt Imp AR
1-04 to Aik
Vacuum 0.054 Mt 1-04
Distillation
Steam and Power 
Generation 
(0 0 2  allocated)
Catalytic Cracking
0 0  LPG
Alkylation
VGO to 0 0 0 0  LPG to Alky_________
1 0.088 jM tC 3 s& 0 4 s0.153 iMtVGO
Misc Feed
0.004 Mt Wild Nap rec
Mt Offgas rec0.004
Flaring
Vis Nap to Nap Hyd 
0.005 [Mt Vis Nap Amine Treating and 
Sulphur Recovery
incidents
Vis LPG to Alky_________
I 0.000 |M tC 3s& C 4s
Visbreaking
H2 Recovery
VR to Vis 
0.080 iMtVR
0.042 Mt Isomerate
6.8 kt alloc OO2
164,1 kg OOz/t component
Finished
Gasoline
Blend
0.002 Mt Straight Run Naphtha
0.1 kt alloc OO2
38.2 kg OOz/t component
0.088 Mt Heavy Reformate > ■
22.0 kt alloc OOz
249,0 kg OOz/t component
0.185 Mt Hyd 0 0  Naphtha
44.1 kt alloc OOz
238.4 kg OOz/t component
0.014 Mt n -04
3,0 kt alloc OOz
206.5 kg O O z / t  component
0,124 Mt Alkylate
42,2 kt alloc OOz
339.2 kg O O z / t  component
ure 4.5. Refinery A G aso lin e  P ro cess in g  S ch em a tic  O verview  and N orm alised  A llocated  CO 2 E m iss io n s 66 0.455 Mt Gasoline
118.2 kt total alloc OOz
259.4 kg O O z / t  gasoline
Non-Crude Oil
Overheads
.287 Mt Imp AR
.032 Mt Imp VGO
.066 Mt Imp GO
.020 Mt Imp Jet
1,004 Mt Imp Naphtha
1,060 Mt Imp n-C4
1,001 Mt Imp MTBE
Wet G as Separation
Light Ends 
Separation
imp Nap to Nap Hyd/Reform 
0.004 [M timpNap
Nap to Nap Hyd/Reform 
0.248 iMtNap
Naphtha
CC Int Nap to Nap Hyd/Reform 
0.037 iM tCC IntN apAtmospheric
Distillation
(3CDU)
Crude Oil
Kerosene Merox
000 I Mt Crude Oil
AR to 3VDU 
0.204 iMtAR
) AR to 4VDU AR to 4VDU 
0.199 |M tAR).280 Mt Imp AR
Vacuun
Distillation
Imp VGO to CC
0.032 |Mt Imp VGO
3VDU streams to CCSteam and Power 
Generation 
(C 02 allocated)
0.116 iMt 3VDU
4VDU streams to CC 
0.291 |Mt4VDU
Catalytic Cracking
DAO to CC
I 0.018 IMt DAO
C4 to C4 Isom (total) 
I 0.022 lMtC4 Chapter 4 - Sources o f Carbon Dioxide Emissions from Individual UK Refineries
Hyd Lt Nap to C5/C6 Isom 
I 0.084 |Mt Lt Nap
C5/C6 Isomérisation
Naphtha 
Hydrotreating and 
Dehexaniser
Naphtha
Hyd Hvy Nap to Reform
Reforming
1 0.205 iM tH vyN ap |
Diesel Catalytic 
Hydrodesulphurisation
Catalytic Cracked 
Naphtha Merox
Catalytic Cracked 
Naphtha Diolefin 
Saturation 
(SHU)
Refinery
Products
Catalytic Cracked Naphtha 
Hydrotreating (SHDS)
C4 Isomérisation
Imp C4 to C4 Isom 
I 0 .019  |M tlm pC 4
I-C4 to Alky
I 0.034 |Mti-C4
Alkylation including 
Feed Diolefin 
Saturation
Incidents
4VDU VR to Prop Dea 
I 0 .07 |Mt 4VDU
CC C4s to Alky__________
I 0.074 |M tC C C 4s
Amine Treating and 
Sulphur Recovery
Propane Deasphaiting Asphalt
0.077 Mt Isomerate
26.7 kt alloc CO2
344.2 kg COz/t component
isomerate from tankage not included
0.183 Mt Reformate
37.4 kt alloc COz
204.6 kg COz/t component
Includes reformate to tankage
FRCCS from tankage not included
0.013 Mt Merox LCCS
4 1 kt alloc COz
316:4 kg COj/t component
0.030 Mt Hyd LLCCS
T 10.3 kt alloc COz
343.0 kg COz/t component
0.051 MtHydHLCCS
17.4 kt alloc C O z
343.0 kg C O z / t  component
Unaccounted LCCS taken a s FRCCS 
from tankage so  not Included
0.095 Mt Alkylate
47.5 kt alloc COz
497.7 kg COzA component
0.042 Mt Imp n-C4
0.0 kt alloc COz
0.0 kg C O z / t  component
0.001 M t Imp M T B E
0.0 k t alloc COz
0.0 kg C O z / t  component
gure 4.6. Refinery B G aso lin e  C om p on en ts P ro cess in g  S ch em atic  O verview  and N orm alised  A llocated  CO2  E m iss io n s
67
0.493 Mt Total Components
143.4 kt total alloc COz
291.2 kg C O z / t  total com ponents
Chapter 4 - Sources o f  Carbon Dioxide Emissions from  Individual UK Refineries
The results from Figures 4.5 and 4.6 are summarised in a side-by-side comparison for the two 
refineries in Table 4.3, which presents the averages for the one month data periods studied.
Table 4.3. Allocated CO2 Emissions to Gasoline Blends Produced by Refineries A and B.
Gasoline Component Refinery A Refinery B
Blend 
(wt. %)
Allocated CO2 Emission 
(kg/t)
Blend 
(wt. %)
Allocated CO2 Emission 
(kg/t)
Isomerate (ISOM) 9.1 164 15.8 344
Straight run naphtha 
(SRN/LVN)
0.3 38 0 N/A
Heavy reformate (REF) 19.4 249 37.0 205
Merox treated catalytic 
cracked naphtha (LCN)
0 N/A 2.5 316
Hydrotreated catalytic 
cracked naphtha (DBS CN)
40.6 239 16.5 343
Normal butane (BUT) 3.3 206 8 jk 0
Alkylate (ALK) 27.3 339 19.3 498
Methyl tertiary butyl ether 
(MTBE)
0 N/A 0.3 0
Total for blend 100.0 259 100.0 291
It is noticeable that the two refineries produce and use different amounts and components for 
blending gasoline due to their different configurations because the specification for gasoline is in 
terms of a range of performance characteristics rather than a fixed chemical composition (BSI, 
2004). Nevertheless, there are some considerable differences in CO2 emissions for the same 
components from the two refineries that reflect the findings shown in Table 4.2 as well as the 
results from the operations analyses in Appendices C and D. In addition, since the emissions are 
now product-based, the efficiency of hydrocarbon utilisation is also included in the use of allocated 
emissions to gasoline as a performance indicator. On this basis, the indicator is superior to 
emissions normalised on primary oil processed.
It is useful to compare these results with those reported by other workers as described in Sections
3.5 and 3.6 and summarised in Table 4.4.
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Table 4.4. Comparison of Allocated CO% Emissions to Gasoline.
Source Value Basis
Refineries A and B 259-291 
kg COz/t
2006 data on UK refinery direct emissions 
allocated to gasoline (95 RON). Indirect emissions 
from imported power and non-crude oil feedstocks 
excluded.
Furuholt (1995) 211 kg COz/t Derived from 1991/2 life cycle data on total 
allocated energy consumption emitting 155 kg/1000 
1 gasoline (98 RON) for refining at Statoil, 
Mongstad refinery in Norway.
ANL (2001) 830-912 
kg GOze/t
Derived from estimated 20000 -  22000 g GHG /Btu 
well-to-tank analysis for average US refinery 
producing current gasoline including gas flaring and 
venting and crude oil processing in oil fields.
CONCAWE et al. (2003) 477-654  
kg GOzc/t
302 kg GOze/t
Derived from estimated 11 -  15 g GHG/MJ well-to- 
tank analysis for marginal production of current 
gasoline.
Derived from estimated 7 g GHG/MJ for refining 
in above well-to-tank analysis.
Wang et al. (2004) 885 kg GOze/t Estimated for a current US refinery on total 
allocated energy consumption emitting 20.5 g 
GHG/MJ well-to-tank analysis. Electricity 
generation at more than 50 % from coal-fired power 
stations.
Although the values of emissions cover both well-to-tank and refining parts of the life cycle and the 
units used are mixed, it can be seen that the European well-to-tank operations (described by 
CONG A WE et al.) have considerably lower GHG emissions than the US operations (described by 
ANL and Wang et al. who are consistent with each other). On this basis, the European well-to-tank 
operations have the better CO2 emissions performance, and the same could be inferred about 
European refining. This is an interesting finding but detailed follow-up work, not possible in this 
study, is required to confirm and understand the causes.
Additionally, since CONGA WE et al. only estimate GHG emissions, the boundary on the GO2 
component for European refining is set at a maximum of 302 kg/t, which is consistent with Furuholt 
and this work. In fact, recognising from Figure 3.4 in Chapter 3 that the UK refineries are below the 
European average in terms of energy efficiency/C0 2  emissions performance means that 2 5 9 -2 9 1  
kg C0 2 /t as determined for Refineries A and B is reasonable when compared to 211 kg C0 2 /t 
determined by Furuholt for Statoil, Mongstad Refinery and <302 kg C0 2 /t from CONGA WE et al..
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Both refineries have provided data on the different formulations of the gasoline blends produced 
over the one month periods studied. These are presented in Figures 4.7 and 4.8 for those meeting 
the specifications of the UK and European markets.
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Figure 4.7. Formulation of Gasoline Blends from Refinery A.
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Figure 4.8. Formulation of Gasoline Blends from Refinery B.
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The corresponding average based CO2 emissions for each of these blends calculated from the 
component data shown in Figures 4.5 and 4.6 are presented in Figures 4.9 and 4.10. It can be 
observed that the average values in this blend analysis are about 5 % less than those given in Table 
4.3, i.e 248 compared to 259 kg/t and 273 compared to 291 kg/t for Refineries A and B 
respectively. A probable reason for this is the selection of density values for the different gasoline 
components used to convert all the blends from their volume to a mass basis.
An interesting finding is the variability in average based CO2 emissions for the different gasoline 
blends with the minima and maxima having 10 to 20 % deviation from the average values. If this 
observation is to be explored further, it would be appropriate to apply the kind of LP model 
discussed in Section 3.6.2; this has not been pursued here because it lies outside the objectives of 
this study. Nevertheless, despite the limitations of using average data for comparing the allocated 
CO2 emissions associated with each of these blends, the results indicate the possibility of including 
the cost of emissions in optimisation models used for gasoline blending and the development of 
refinery run plans. Possible future work could involve the development of a LP model so that the 
effects of these marginal changes in blending on CO2 emissions could be more rigorously 
determined.
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Figure 4.9. Average Based CO2 Emissions of Gasoline Blends from Refinery A. 
Note: Average, minimum and maximum values of 248, 223 and 278 kg/t respectively.
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Figure 4.10. Average Based COz Emissions of Gasoline Blends from Refinery B.
Note: Average, minimum and maximum values of 273, 242 and 329 kg/t respectively.
4.3.3 Operations Analyses
The results from the simple operations analyses of the day-to-day operations of Refineries A and B 
are contained in Appendices C and D respectively. No details are discussed here since they are 
comprehensively covered in Appendix E (describing the development of an abatement cost curve) 
and Chapter 5 (reviewing possible COz emissions reductions options for the UK refining industry).
4.4 Conclusions
It is concluded that:
1. Indirect COz emissions associated with imported electricity represent 7.1 and 2.8 % of the direct 
emissions from Refineries A and B respectively. These emissions are not included in NAP 
allocations, consistent with the requirements of the current EU ETS that is based on production 
rather than consumption accounting principles.
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2. In terms of direct CO2 emissions from Refineries A and B, catalytic cracking is the process 
making the largest contribution (at 35 %), followed by steam and power generation (about 25 
%) and distillation (just less than 20 %). Flaring is not insignificant at 3 %.
3. Refinery A has both lower CO2 emissions (169 kg/t primary oil processed) and higher energy 
efficiency (Solomon Eli of 78.8) compared to Refinery B (207 kg/t and 85.7). This is consistent 
with expectations and findings on the European oil industry.
4. There are significant differences in the allocated CO2 emissions associated with the gasoline 
components produced by Refineries A and B but, generally, alkylate has the highest emissions, 
and butane, straight run naphtha, and reformate have the lowest. Any indirect emissions 
associated with imported processed components are excluded, as has been done for imported 
electricity.
5. Gasoline produced by Refinery A has the lower allocated CO2  emissions at 259 kg/t compared 
to that from Refinery B at 291 kg/t. This distinction is consistent with the results on overall 
emissions/energy efficiencies and the absolute values are consistent with the general findings on 
European refineries by other workers.
6 . Analysis of gasoline blends produced by Refineries A and B shows it is possible to achieve the 
required UK gasoline specification from a range of blend formulations with different average 
allocated CO2 emissions. This indicates the possibility of including the cost of emissions in 
optimisation models used for gasoline blending and the development of refinery run plans.
Based on this analysis of CO2 emissions from Refineries A and B, the next chapter examines
possible emissions reductions options for the UK refining industry.
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CHAPTER 5 -  POSSIBLE CARBON DIOXIDE EMISSIONS REDUCTION 
OPTIONS FOR THE UK REFINING INDUSTRY
5.1 Introduction
This chapter is focused on the second objective of the study as described in Chapter 1 -  to identify 
and quantify opportunities for making reductions in CO2 emissions and derive an abatement cost 
curve for the UK refining industry.
To begin, a systematic approach has been adopted to classify the different CO2 emissions abatement 
measures that might be appropriate for application on a refinery. Allen (1997) has identified three 
general levels of change in modifying an industrial process to produce a particular product by a 
cleaner route:
Level 1. Minimise arisings of waste and effluent and the amount of energy consumed within 
the existing process;
Level 2. Modify the process or technology to be more efficient in the use of the same raw 
materials and energy consumed;
Level 3. Redesign the process and change the raw materials to make a more environmentally 
friendly product.
Alternatively, with a focus on technology, there are three means by which the oil refining industry 
can reduce CO2  emissions:
1. Reducing energy consumption. This can be achieved by minimising the amount of energy 
consumed within an existing process or by modifying the process or technology so that energy 
is used more efficiently. Examples include pressure minimisation on light ends towers to 
achieve the same fractionation performance at reduced reboiler duties and the use of 
cogeneration facilities for both steam raising and power generation.
2. Using fuels that emit less CO2 for a given amount of energy produced. An example is making 
the change from burning heavy fuel oil to fuel gas on steam boilers or process fired heaters.
3. Capture and storage of CO2 . This involves, for instance, the absorption of CO2  from a flue gas 
stream by liquid solvent, its desorption after heating, followed by compression and transport.
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and finally injection and storage in existing oil/gas fields for enhanced hydrocarbon recovery (or 
deep saline formations, if more appropriate).
However, since costs, benefits and risk are important criteria to the success of any project delivering 
change, a more appropriate classification of the levels of process change is provided by Weston et 
al. (2008) as an interpretation of Allen’ s (1997) levels:
Level 1 : Incremental changes of low risk with a well-defined return;
Level 2; Routine changes involving some risk but with limited uncertainty;
Level 3: Large changes associated with significant capital investment and involving 
considerable uncertainties.
to which Clift (2001) has added an additional level:
Level 4: Substitution of the product by another way of delivering the same function.
In the context of the refining industry producing gasoline and diesel as sources of energy for road 
transport, “Level 4” could be the consumer change from internal combustion engine to electric 
powered vehicles. Although such a radical change is relevant and would be interesting to explore, 
this study and, in particular, this chapter are focused on “Levels 1,2 and 3” that are within the direct 
and immediate influence of the refining industry. This focus also meets the second objective of 
Chapter 1 -  to identify and quantify opportunities for making reductions in CO2 emissions and 
derive an abatement cost curve for the industry -  so a study of “Level 4” is to be included in the list 
of possible future work.
5.2 Review of Recent Industry Practice
Information in the public domain provides many examples of specific options for reducing refinery 
CO2 emissions of which the following are a sample, all of which have been a source of ideas and 
inspiration for this study.
Garg (1997) provides practical information and guidelines on how to reduce energy use on process 
fired heaters that are very common on refinery process units. Thermal efficiency is presented as a 
function of excess air and flue gas exit temperature with a trouble shooting guide to help improve 
day-to-day operations. This is an example of Level 1 change and its principles have been adopted
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here for quantifying the cost benefits of closing the gaps identified in the operations analyses 
performed on Refineries A and B contained in Appendices C and D.
A particular example relating to the estimation and reduction of CO2 emissions from energy 
intensive crude oil distillation units is given by Gadalla et al. (2006). This study used simple models 
for estimating the emissions and effects of varying the column operating conditions, to give the 
result that emissions could be cut by 2 2  % if the existing structure was maintained and operating 
conditions optimised, and by 48 % if a gas turbine generator (GTG) was installed. Although the 
operations analyses on Refineries A and B were not able to explore these examples of Level 1 
(optimisation of operating conditions) and arguably Level 2 (the novel integration of a GTG with a 
crude distillation unit) changes, it is possible to make some allowance for their application.
Opportunities for improving energy efficiency in the US refining industry are described by 
Energetics and E3M (2004). It is reported that atmospheric and vacuum distillation, followed by 
alkylation, isomérisation and catalytic reforming represent the best areas for energy savings through 
advances or improvements in steam systems. Primary sources of energy loss from fired systems 
include hot flue gases, coolers and condensers and potential technology options include waste heat 
recovery, power generation and cogeneration. These are all examples of Level 1 changes and 
provide an indication of the scope and magnitude of possible general savings.
Spoor (2005) describes how KBC Advanced Technologies can assist individual refineries to meet 
the challenge of reducing CO2  emissions. Although in the character of “advertisement literature”, 
these Level 1 changes have been structured into the form of a roadmap covering zero investment 
options for 5 % reduction (improved fired heater efficiencies; improved LPG recovery from 
refinery fuel gas; reduced energy and steam waste; reduced combustion of fuel oil), good payback 
options for 15 % reduction (air preheat and waste heat recovery from fired heaters; separation plant 
or membrane for hydrogen recovery from fuel gas; steam turbines, insulation, heat exchangers and 
cogeneration for improved utilities), and further possibilities for 25 % CO2 reduction (hydrogen 
enriched fuel, combined heat and power from fired heaters; fuel gas to steam reformer, natural gas 
import for fuel gas; all fuel oil exported; and process modifications such as FCCU feed/conversion 
optimisation). All the examples are worthy of note and have been generally considered in this study.
The author has direct personal experience of the ExxonMobil Global Energy Management System 
(GEMS) actually implemented on oil refineries and chemical plant within the company. Launched
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in 1999, this is a structured programme of Level 1 change in which a specially selected team of 
process, equipment, utility and project development specialists makes a pre-planned visit, to a 
nominated refinery in order to perform a detailed review of all aspects of refinery operations that 
involve the generation or consumption of energy. The achievements are described by ExxonMobil 
(2007b) as a CO2 emissions reduction of about 8  Mt in 2006 alone as a result of energy efficiency 
improvements at direct owned refineries and chemical plants since 1999. More than half of the 
identified opportunities to improve energy efficiency by 15 to 20 % have been implemented with 
associated cost savings of about $750 M/year. (Assuming this is spread equally over the 90 
refineries and chemical plants this is equivalent to a reduction of 89 kt C0 2 /year per installation and 
a saving of $8.3 M/year per installation.) One refinery, at Trecate in Italy, is reported to have 
improved energy efficiency by 15 % since 2000 with half of the improvements the result of low- 
cost optimisation of day-to-day operations. New opportunities at this same refinery have recently 
been identified with additional savings of $ 10 -  15 M/year.
ExxonMobil also reports that more than $1 G has been invested in the cogeneration of electricity 
and thermal heat/steam during 2004 to 2005 alone and with a direct or joint interest in about 100 
such facilities has a combined capacity of 4300 MW of power. The current cogeneration capacity 
reduces CO2 emissions by over 10.5 Mt/year.
These real examples of actual programmes and projects implemented on ExxonMobil refineries 
give useful data on the magnitude of costs and benefits achieved.
So far there has been no implementation of a carbon capture and storage (CCS) scheme associated 
with refinery CO2 emissions. Although the individual elements are technically feasible, and some 
are already applied within the oil and gas industry, there has not yet been any commercial 
demonstration of a complete scheme. Thus, considering the technology changes to be routine but 
involving some risk with limited uncertainty, this option for reducing emissions is judged to be a 
Level 2 process change and has been evaluated in this study.
Similarly, there has been an absence of Level 3 process changes, associated with significant capital 
investments and involving considerable uncertainties. Such changes include large scale use of 
membranes for low energy separation, extensive modifications to catalytic cracking for reduced 
coke yield and the application of novel catalysts for new refinery processes. The implications of
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shutting down the FCCU have been considered here as an example of a Level 3 emissions 
abatement measure.
In the context of the three levels of change, a specific study has been performed on Refineries A 
and B to derive the potential range of energy efficiency and CO2 emissions reduction options. The 
conclusions have been generalised to the UK refining industry as a whole, based upon an 
appreciation of the scope and scale of the options identified.
5.3 Costs and Benefits for CO2 Emissions Reductions
The UK Government has set an overall target for the UK of achieving a 60 % reduction in 1990 
CO2 emissions by 2050 (discussed earlier in Chapter 2 and explored in more detail in relation to the 
refining industry later in Chapter 8 ) so the following section describes how costs and benefits have 
been determined for a range of appropriate emissions reduction options applicable to Refineries A 
and B. The results are presented in the form of abatement cost curves with units of $/t CO2 and 
$/bbl to facilitate subsequent interpretation and analysis of whether the target is achievable for the 
nine main refineries comprising the UK refining industry.
5.3.1 Derivation of the Abatement Cost Curve
The first step in starting to derive a CO2 emissions abatement cost curve for the UK refining 
industry has been to investigate what has already been published. A number of authors have 
presented cost curves showing estimates of annual abatement costs per unit of avoided GHG 
emissions, as well as the abatement potential of different approaches for reducing global emissions; 
an example is the widely-cited analysis of Enkvist et al. (2007) of McKinsey. However, in the case 
of the McKinsey work, their cost curves are general for all GHGs, cover abatement measures 
costing up to €40/t (equivalent to $52/t at €1.0 = $0.7 and $1.85 = £1.0) and have been developed 
for global and continental regions in 2030. Although informative, specific details have not been 
provided on the basis of the calculations and assumptions made; most importantly, the cost curves 
are strictly a top down, supply side view in the sense that the different abatement measures are 
considered for general applicability on a macro scale, i.e. not specific to refineries. In addition, it is 
not clear how capital has been treated in McKinsey’s economic analysis. The description that the 
cost of an abatement measure:
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“ is the annual additional operating cost (including depreciation o f  capital expenses) less
potential cost savings divided by the amount o f emissions avoided. ”
implies that there has not been any discounting. This belief is reinforced by the absence of any 
mention of a value for such a discount rate.
The present work represents a different approach: it develops a 2006 cost curve specifically for CO2 
emission abatement that is focused solely on the refining industry, specific to the UK and based 
upon a bottom up, demand side analysis of the need for abatement measures following a detailed 
study of actual emissions at individual refineries. Although it also suffers from a lack of definition 
in certain areas, e.g. the inability to derive some benefits and costs from first principles, the author 
has applied engineering judgment based on his 35 years of industrial experience to ease these 
concerns. The resulting accuracy of these costs estimates is thus somewhere between high 
(representing an estimate based upon a detailed engineering design using a skilled cost estimator 
obtaining price quotations and performing detailed calculations using a validated estimating model) 
and low (for a conceptual design using an unskilled person making predictions in the absence of 
any data or experience). Some checks have also been made against published literature (Worrell and 
Galitsky, 2005) where statements are made such as
“Competitive benchmarking data indicates that most petroleum refineries can economically 
improve energy efficiency by 10-20%.”
This suggests that most investments are relatively modest, although operating costs and human 
resources can be additional requirements. As explained in Appendix E, no allowance has been made 
for any interest charges on capital, and future revenues and costs are not subject to discounting. 
This is a simplistic approach to avoid controversy about the value of the interest rate selected 
distracting the analysis, which is intended to understand the potential for abatement, rather than 
allow decisions on each abatement measure, but will be partially compensated for by also omitting 
future benefits. Possible future work could look into this matter.
Although this use of engineering judgment is thought reasonable for considering policy options for 
reducing CO2 emissions, it does mean that the resulting abatement cost curve should be regarded as 
illustrative and care taken if any comparisons are made with other cost curves due to concerns about 
consistency and relative accuracy. Nevertheless, it should be more representative for this specific 
industry than more generalised approaches such as that of McKinsey by Enkvist et al. (2007).
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The abatement cost curve has been developed by deriving aggregated costs for different abatement 
measures applicable to Refineries A and B taking the refineries to be representative of the UK 
refining industry as a whole, as described in Appendix E. It is believed that such an approach is 
realistic for the following reasons:
1. The average of the two refinery crude oil throughputs at 176 kbd (from 207 kbd during August 
2006 for Refinery A and 145 kbd during November 2006 for Refinery B) is similar to the 
average for the UK industry at 173 kbd (derived from 75844 kt total crude oil processed during 
2006 at an average density of 1192 1/t for the nine main refineries as detailed in DBERR 
(2007)).
2. The configuration of each of the two refineries is similar to the other seven main refineries 
comprising the UK industry, i.e. they are both refineries with conversion processes, such as 
catalytic cracking, and also have additional gasoline manufacturing processes, such as 
alkylation and isomérisation (Koottungal, 2006). It is generally the case that all the UK 
refineries have been expanded and upgraded beyond simple hydroskimming (i.e. crude oil 
separation and subsequent product treatment) to more complex conversion refineries capable of 
more closely matching the demand for refined hydrocarbon products from that available solely 
by the distillation of crude oil.
3. The average of the two refinery Solomon Ells at 81.9 (from 78.0 during August 2006 for 
Refinery A and 85.7 during November 2006 for Refinery B) is close to the inferred average for 
the UK industry at 83 (see Section 3.4 and Nilsson et al. (2005)). Such a blend of better and 
worse than average values is considered to be a better representation than the other two 
possibilities of both being better or both being worse.
4. The 2006 annual average of the two refinery direct CO2 emissions at 2.29 Mt is similar to the 
average for the UK industry at 1.90 Mt (DEFRA, 2007a).
Accordingly, the second step in deriving the abatement cost curve is the operations analyses of CO2 
emissions for Refineries A and B (contained in Appendices C and D) which has then been extended 
to include estimates of capital, maintenance and operating costs. Such emissions reductions 
resulting from general improvements in the day-to-day operations, including the implementation of 
a good quality CHP system, are regarded as Level 1 abatement. In this context, the latter covers the 
modem cogeneration of steam and power from GTGs, fired and unfired heat recovery boilers and 
steam turbine generators with possible export of power to the national grid. Such a facility is now 
significantly more efficient than the typical steam boiler and steam turbine cogeneration facilities 
that have been in use at refineries for a considerable time.
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CCS technology has been applied but this is judged to be Level 2 abatement (see above). Since the 
degree of difficulty of application of the technology is judged to be less on a modem good quality 
CHP plant than a retrofit on a complex FCCU regenerator overhead system, the two cases have 
been characterised as Level 2a and Level 2b abatement respectively. In the case of the FCCU 
regenerator, flue gas desulphurisation (FGD) is also required to avoid excessive consumption of 
costly amine solvent used for absorption of the CO2 .
Finally, consideration has been given to shutting down the FCCU, or at least reducing the amount 
of coke produced that is subsequently combusted in the regenerator, classified as Level 3 abatement 
due to its in extremis character. Since the FCCU is the major conversion unit of a refinery and also 
supplies olefins for downstream chemicals production, an allowance has been made for additional 
hydrocarbon imports to meet these needs. In this regard, shutting down the FCCU would be 
mutually exclusive to installing CCS, including FGD, on the regenerator flue gas.
The basis, methodology and calculations are described in more detail in Appendix E. From the 
work performed, it has then been possible to constmct the illustrative abatement cost curves for the 
specific case of a “typical UK oil refinery” (abatement expressed in kt CO2 and costs in $/t CO2) 
and the general case of the UK oil refining industry (abatement expressed in % total CO2 emissions 
and costs in $/bbl cmde oil processed) as shown in Figures 5.1 and 5.2.
To aid interpretation of the curves, it should be noted that Figure 5.1 shows details for a typical 
refinery whereas Figure 5.2 is more generic for the industry with highlighted UK Government 
targets and abatement costs based on crude oil processed. For consistency, both figures have 
abatement measures laid out in the same order along the abscissa; total refinery CO2  emissions 
comprise internal emissions from the combustion of fuel and process coke (direct) and external 
emissions from the combustion of fuel associated with imported electricity (indirect); and an 
abatement cost of $ 1 0 0 /t CO2 is equivalent to €77/t on the same basis as described previously.
It can be seen that Figures 5.1 and 5.2 have somewhat different forms; this is because Figure 5.1 is 
the more conventional type of abatement cost curve derived for a typical UK refinery, whereas 
Figure 5.2 is a generic curve derived for the UK oil industry with highlighted UK Government 
targets and abatement costs based on crude oil processed.
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5.3.2 Interpretation of the Abatement Cost Curves
For the UK refineries, it is noticeable there is considerable scope for implementing Level 1 projects 
and programmes for day-to-day operational improvements that will both reduce CO2 emissions and 
give a positive return in energy savings; a conclusion supported by the more generalised analyses 
discussed in Section 5.2. In fact, the analysis suggests the UK refineries could reduce emissions by 
24 % and also achieve considerable cost savings with confirmation provided by Figure 3.4 of 
Chapter 3, which shows that the same emissions reduction could be achieved if they matched the 
energy performance of the top EU refineries located in the Benelux and Scandinavia. Thus, the 
implementation of Level 1 projects and programmes would likely result in the industry meeting the 
UK Government’s target of a 20 % reduction in 1990 emissions but the deadline of 2010 is most 
unlikely to be met. (Although Enkvist et al. (2007) have evaluated a range of general abatement 
measures, with the exception of the one noted below, none are directly comparable with those 
considered in this study).
Implementing Level 2 projects, i.e. the application of CCS to both good quality CHP (Level 2a) and 
(in combination with FGD) to the FCCU regenerator (Level 2b), will reduce emissions by 13 and 
24 % respectively. However, these projects come at costs of $37 and 79/t CO2 respectively, so the 
EU ETS price of CO2 carbon would have to be at these values for there to be breakeven returns. 
(Enkvist et al. (2007) suggest costs of about $24 and $55/t CO2 for CCS applied to new coal and 
coal retrofit for their 2030 scenario respectively, so these values are not inconsistent).
Implementing both Level 1 and 2 projects combined would theoretically result in the industry 
meeting the UK Government’s target of a 60 % reduction in 1990 emissions by 2050. This would 
be achieved at an indicated net cost of -$2 1 /t CO2 or -$0.38/bbl, i.e. providing a small financial 
return with additional credits coming from whatever might be the savings from avoiding the EU 
ETS cost of CO2 .
An additional emissions reduction taking the total reduction to 72 % is also possible if the FCCU is 
shut dovm (thus eliminating the need for the Level 2b projects). Such in extremis action is 
categorised as Level 3, but with considerable adverse effects on refinery operations and profitability 
to be expected. In this case, the overall consequences are difficult to quantify but include:
1. Direct loss of FCCU margins, which based on engineering judgment of a minimum value of 
$50/t feed (described in Appendix E) gives a cost of at least $ 185/t CO2 .
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2. Non-optimal refinery configurations causing additional loss of profitability as actions are taken 
to try to maintain the production and quality of refined products.
3. Loss of propylene feedstocks to downstream chemical plants, which at a propylene-propane 
spread of $550/t (Chemical News, 2008), give an additional cost of $125/t CO2 that is external 
to oil refining but is internal to the business of the international oil companies.
However, it is possible that the FCCU could be the target for new technologies or modified 
operations to reduce reaction coke giving CO2 emissions savings.
Possible strategies for the UK refining industry to deliver reduced CO2 emissions together with 
associated time-lines are discussed in detail in Chapter 8 .
The longer term future of the UK oil refining industry will in many ways be determined by the 
demand for its products; in particular, the road transportation fuels of gasoline and diesel as 
analysed by King (2007) and discussed more fiilly in Section 7.5.3. Here it is salient to note that the 
future demand for such products will have an effect on refinery throughputs and associated CO2 
emissions. In fact, all other things being equal, the equivalent of four refineries would have to close 
if only Level 1 abatement measures were to be implemented in order to achieve the Government's 
2050 emissions reduction target, but all nine could continue to operate as normal if Level 2 
measures were to be implemented as well. (Chapters 7 and 8  provide more details of how the 
industry would be affected by the cost of carbon and how it might meet the Government’s targets).
Quite apart from considering these emission reduction options in terms of abatement costs, an 
alternative way of analysing them is in terms of their energy savings. Simple rates of return have 
thus been determined and are shown in Table 5.1.
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Table 5.1. Comparison of Normalised Costs and Simple Return on Capital for Emissions 
Abatement for a Typical UK Oil Refinery.
Item
T o t a l  
N o r m a l i s e d  
C o s t  
$ /t  C O 2
S i m p l e  R e t u r n  
o n  C a p i t a l  
% /y e a r
Flaring - e l im ination  by LPG r e c o v e r y  from 
fuel g a s ,  im p le m e n ta t io n  o f  f lare g a s  
r e c o v e r y  an d  im p ro v e d  o p e r a t io n s  integrity. - 2 1 3 1 1 0
S t e a m  an d  po\wer s a v i n g s  on  p r o c e s s  units . -1 7 8 191
G e n e r a l  o p era t io n  o f  s t e a m  s y s t e m  - 
e l im in ate  le tdow n an d  ven t in g . -1 6 8 75
P r o c e s s  fired h e a t e r s  - g e n e r a l  - i n c r e a s e d  
h e a t  in teg r a t io n /r ed u c ed  coi l inlet  
te m p er a tu r e . - 1 6 4 74
I m p lem en ta t io n  o f  g o o d  qual ity C H P  
project. -1 5 9 2 0
I m proved  o p era t io n  o f  p r o c e s s  fired 
h e a t e r s . - 1 0 3 4 7
F C C U  - r e g e n e r a to r  o v e r h e a d  circuit - 
repair s  to flue g a s  e x p a n d e r  a n d  w a s t e  
h e a t  boiler. -7 2 N/A
S t e a m  le a k s  an d  c o n d e n s a t e  r e c o v e r y  - 
e l im in ate  an d  m a x im is e . -7 0 N/A
Im proved  o p er a t io n ,  o p t im isa t io n  an d  
reliability o f  s t e a m  boilers - 5 6 13
Appl icat ion  o f  C C S  to g o o d  quali ty  C H P  
project. 37 -25
Appl icat ion  o f  C C S  (an d  F G D ) to F C C U  
re g e n e r a to r . 7 9 -34
S h u td o w n  o f  F C C U . 221 N/A
The learning here is the relatively large magnitude of the simple return on capital associated with 
some items such as steam and power savings on process units at 191 %/year (essentially base case 
business); the elimination of flaring at 1 1 0  %/year (with associated margin credits); general 
operation of the steam system at 75 %/year and improvements in heat integration to reduce process 
fired heater duties at 74 %/year (capital intensive). Although not quantified, expenditure on 
maintenance and repairs associated with the FCCU regenerator overhead circuit, steam leaks and 
condensate recovery would all be expected to give significant positive returns.
When presented with the preliminary results of this work. Refinery A (2007) advised that energy 
projects needed to achieve a payback time of six months or less (simple return of 2 0 0  %/year) in 
order to be approved. Refinery B (2007) also indicated they had similar restrictions on funding for 
so-called "discretionary" projects. But, it is also the case that ExxonMobil (2008a) has consistently 
focused on improved energy efficiency as a key contributor to cost performance and the trend of 
their refineries’ average indexed Solomon Eli value compared to the global industry average is 
shovm in Figure 5.3. Using Figure 3.4, it is judged that in 2006 ExxonMobil had an energy
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efficiency performance advantage of about 5 Ell whieh would also translate into signifieantly better 
than average refinery CO2 emissions. So, there are important differenees in the priorities given to 
energy efficiency and CO2 emissions in the eurrent business strategies of the multinational oil 
companies but, unfortunately, it is not permissable for the author to say if ExxonMobil owns either 
of the two UK refineries studied or possible to advise whether the high project hurdle rates are 
unique to the UK eompared to other eountries/regions.
B  ExxonMobil ■  Industry 
(indexed Solomon data)
105 - ........................................................................................................................
100
95
90
2002 2004 2006 2007
(1) Solomon data available for even years only.
(2) Only even year data plotted for 2002-2006.
Figure 5.3. ExxonMobil and Global Industry Refining Solomon E li Values.
Source: ExxonMobil, 2008a.
5.4 Possible Barriers to Implementation
Sinee several options for energy savings and CO2 emissions reduction projects described above 
appear to be very attraetive, an obvious question relates to why they have not yet been progressed. 
The following is an analysis of possible factors that could have eontributed to the apparently low 
level of interest reeently displayed by the international oil companies.
5.4.1 Crude Oil Consumption and Reserves Replacement
Global crude oil production has risen steadily as energy demands from all regions of the world have 
increased. Figure 5.4 presents the trend of eonsumption with the largest growth observed in the Asia 
Pacific region.
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Figure 5.4. Global Consumption of Crude Oil.
Source: BP, 2007a.
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Since the earth’s store of fossil fuels is finite, such a level of consumption requires eontinual effort 
to explore and prove additional reserves so that the stoeks will not be depleted in the near term. As 
Figure 5.5 shows, the current life of proven reserves at current oil production rates is about 40 
years, i.e. between one and two generations. More specifically, Bentley and Boyle (2007) have 
performed a rigorous review of the different foreeasting methods and suggest that global oil 
produetion will reach a resource-limited peak quite soon, and certainly before 2020. Although this 
is a sobering thought, the ultimate reeoverable resources are about three times the total quantity of 
all oil produeed to date, with substantial “frontier” oil resources available in the form of extra-heavy 
oil/oil sands and oil shale. However, Bentley et al. (2007) advise that, past the conventional oil 
peak, the non-eonventional oils are unlikely to deliver quickly enough to offset the decline. In any 
event, there is no immediate risk of oil stocks running out, but the recovery of such oil involves 
large projeets over long periods of time, is energy-intensive, raises environmental coneems and 
exposes investors to signifieant financial risk. Inevitably, the prospects for such projects are more 
secure based on current oil prices of more than $100/bbl, compared to $15-20/bbl during the 1990s, 
but all the major oil companies need to continually seek new reserves at higher costs of exploration 
and produetion and the funds required do this have to be internally generated.
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Figure 5.5. Global Crude Oil Reserves-to-Production Ratios.
Source: BP, 2007a.
5.4.2 Oil Company Returns on Investment
As the world’s largest non-government owned oil company with a history of record earnings over 
several years, it is interesting to examine where ExxonMobil allocates capital expenditure in its 
business. Helped by the recent very high oil prices and an effective business model, the company 
(2007f) reported record after tax profits of $39 G on turnover of $365 G in 2006 (10.7 %) - a year 
that might be regarded as “peak of cycle” in recent times and is consistent with the work of this 
study. (At the time of writing, record profits of $41 G on turnover of $390 G (10.5 %) have been 
announced for 2007). The breakdown of this profit and the associated investment decisions are 
summarised in Figure 5.6.
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i Profit after tax 
I Investment
Upstream
Figure 5.6. Capital Expenditure and Profit for ExxonMobil in 2006
Derived from ExxonMobil, 2007f.
It is noticeable that Upstream (including Exploration, Development, Production, and Gas & Power 
Marketing) generated the largest profit of $26.2 G, but its capital and exploration expenditures were 
relatively high at $16.2 G (62 %) on projects to increase oil and gas reserves. Such investments 
were in very large projects, not without risk, that require decades to develop and achieve financial 
rewards. By comparison. Downstream (including Refining and Supply, Fuels Marketing, and 
Lubricants and Specialities) made a profit of $8.5 G with a lower capital expenditure of $2.7 G (32 
%) to meet increased demand for cleaner fuels and more stringent environmental regulations. The 
third part of the business. Chemicals, made a profit of $4.4 G with the lowest expenditure of $0.8 G 
(17 %) on the expansion of existing, rather than development of grassroots, facilities.
The typical oil company business model is one of taking a long term perspective to generate 
increased shareholder value with acceptable risk taking. Thus, there is an inevitable focus on return 
on average capital employed (ROCE) and all companies strive to maximise this index. 2006 values 
for the four major oil companies (ExxonMobil, Royal Dutch Shell, BP and Chevron) have been 
averaged to present a typical industry profile as given in Figure 5.7. This shows the highest returns 
were made from investing in Upstream, rather than Downstream or Chemicals, and many 
companies took the view that if sufficient high value opportunities were not immediately available 
then the next best option was to buy back their own shares to grow shareholder value.
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Upstream
Figure 5.7. Major Oil Companies’ Returns on Average Capital Employed for 2006.
Derived from ExxonMobil, 2007f.
Within the portfolio of their global assets, the oil majors have not seen the best returns from their 
UK refining operations and, in faet, have seen pronounced cyclical variation in financial 
performance over the years as shown in Figure 5.8. Planned outages for routine maintenance and 
the implementation of limited upgrading projects, unplanned outages due to process upsets or 
incidents, and variations in the different prices of crude oils relative to refined products, all affect 
the return on capital employed. Although most recent returns are expected to be remain positive, the 
overall trend is one of mixed fortunes with considerable uncertainty about projections of future 
performance.
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Figure 5.8. UK Refining and Marketing Return on Capital Employed.
Source: UKPIA, 2006.
5.4.3 Human Resources
It is also possible that human resources might be limiting the rate at whieh the UK refining industry 
can progress activities to improve operations. The oil and gas industry is a high volume throughput, 
large eash-flow, capital intensive industry that has no control over the price of raw materials (crude 
oil and natural gas) and little control over the prices of its products sinee both are set by market 
forces which sometimes can be very turbulent. Although the take by governments and suppliers in 
the form of taxes and royalties is fixed, the profits generated can be very cyclical over time. Faced 
with these conditions, the companies maintain tight control over their variable costs such as 
employee wages and benefits which in the case of ExxonMobil amounted to $12 G eompared to 
after tax profits of $39 G in 2006. As a result of mergers and reorganisations in the industry there 
has been a general decline in the number of employees, as can be observed in Figure 5.9.
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Figure 5.9. Recent Trend of Number of Employees of Oil Majors.
Source; BP, 2007c; ExxonMobil, 2007f; Royal Dutch Shell, 2007.
Additionally, with many employees taking advantage of early retirement, the demographics are 
such that within the industry it is generally recognised there are some limitations in skilled human 
resources. The situation is exacerbated in the UK, where there are also fewer talented university 
graduates with appropriate subject degrees applying to join the refining industry, so the oil 
companies have to look overseas for suitably qualified individuals (Wood Mackenzie, 2007).
Data obtained from Smith (2008) shows the number of chemical engineering graduates from the 
University of Surrey, taken as an example to illustrate more general trends, has approximately 
halved since the mid-1990s whilst, at the same time, the number of foreign graduates has more than 
doubled; in faet, in some years foreign graduates have outnumbered indigenous graduates as 
revealed in Figure 5.10. This finding, albeit for one engineering discipline and from one UK 
university, does tend to support the oil companies’ view that there are now fewer suitably qualified 
indigenous graduates than in the past from which to recruit their engineers.
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Figure 5.10. Trend of Numbers and Nationalities of Students Graduating in Chemical 
Engineering from the University of Surrey.
Derived from Smith, 2008.
An attempt has also been made to obtain similar data on chemical engineers graduating from all UK 
universities (Ball, 2007), but this data is incomplete so only the trend of numbers of indigenous 
students is shown in Figure 5.11. In this case, the trend is more variable and now includes the effect 
of mergers between universities, as well as former polytechnic colleges that became universities. 
Thus, the numbers of indigenous students graduating from the chemical engineering departments of 
the traditional universities, from which the oil companies normally recruit, are not separately 
identifiable, but it can be argued that numbers have been relatively low in recent years.
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Figure 5.11. Trend of Numbers of Indigenous Students Graduating in Chemical Engineering 
from all UK Universities.
Derived from Ball, 2007.
5.5 Other Abatement Measures Not Evaluated
It has not been possible in this study to evaluate all the available CO2 emissions abatement 
measures that could be applied to the UK refining industry.
As mentioned earlier, Level 4 abatement could include consumers changing from gasoline or diesel 
as sources of energy for road transport to electrically powered vehicles. The consequence would be 
reduced demand for these refined products resulting in one or more refinery closures or production 
slowdowns. However, because of the large scope of work involved, including examination of the 
need for cultural and infrastructural changes to permit increased use of an enhanced public transport 
system, no detailed study will be made here of this potential abatement measure.
Sinee this work is essentially an empirical study focused on practical and imminent abatement 
measures for application on a refinery together with policy instruments for encouraging the delivery 
of substantial and sustained reductions in CO2 emissions, it is left for another occasion, and/or work 
by others, to consider a more comprehensive range of possible abatement measures that could 
include the following:
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1. Applications of new and emerging technologies such as membranes or advanced catalysts for 
reconfiguring refineries to achieve low energy processing of crude oil;
2. The development of biorefining that involves the use and integration of biofiiels to supplement 
the existing refining of hydrocarbons in the provision of transportation fuels;
3. The use of renewable energy such as biomass and geothermal, as continuous sources, or wind, 
solar and marine, as intermittent sources, of heat and electricity for consumption within the 
refinery;
4. Steam reforming of natural gas to produce hydrogen as a fuel for steam raising and power 
generation at the refinery with integral CCS of associated CO2 ;
5. Gasification of low value heavy liquid hydrocarbons with combined cycle heat and power 
systems at the refinery with CCS of associated CO2 .
5.6 Conclusions
It is concluded that:
1. Based on an analysis of the abatement options, UK refining industry CO2 emissions could be 
reduced by some 24 % if the refineries collectively improved their energy consumption 
efficiencies. This is confirmed by other data that shows that the same emissions reduction could 
be achieved if the UK refineries’ energy efficiencies match those of the best EU performers, i.e. 
the refineries in Scandinavia and The Benelux. The implementation of such projects and 
programmes (Level 1 abatement) would give a positive return on investment.
2. CCS would achieve additional emission reductions around 13 and 24 % if applied to good 
quality CHP systems (Level 2a abatement) and the FCCU regenerator, in combination with 
FGD, (Level 2b abatement) respectively. The costs of abatement are 37 and 79 $/t CO2 
respectively.
3. It is theoretically possible to meet the UK Government’s general 2050 target of a 60 % 
reduction in 1990 CO2 emissions if Levels 1 and 2  abatement projects and programmes are 
implemented. This would avoid the need for shut down of the FCCU (Level 3 abatement), 
which would have serious adverse effects on the profitabilities of Refining and Chemicals, and 
would be achieved at an indicated net cost of -$2 1 /t CO2 or -$0.38/bbl, i.e. providing a small
96
Chapter 5 -  Possible Carbon Dioxide Emissions Reduction Options fo r  the UK Refining Industry
financial return with additional credits coming from whatever might be the savings on the EU 
ETS cost of CO2 .
4. If the long term future of Refining is one of reduced demand for transportation fuels and low 
margins, then the possible closure of individual UK refineries would make a significant 
contribution to meeting the Government’s general 2050 target but at obvious expense to the UK 
economy.
5. Although the large international oil companies appear to have seamless vertically integrated 
organisations, the Upstream actually operates entirely separately from the Dovmstream; and 
within the Downstream, Refining is a separate entity from Chemicals. Thus it can be observed 
that, despite corporate profitability being consistently positive. Refining has experienced much 
reduced profitability compared to the Upstream, and even occasional negative returns on capital 
employed, in recent years.
6 . Energy efficiency improvement projects and programmes have not been pursued to their fullest 
extent at Refineries A and B due to a lack of funding and an inability to meet the high rate of 
return required for project approval. Such limited discretionary investment by the oil majors in 
UK refineries results from the need for, and greater returns obtained from, large scale projects in 
Oil and Gas Exploration and Production.
7. Even if funding becomes available in the future for CO2 emissions reduction projects and 
programmes in the UK refining industry, a potential skills shortage could possibly limit the 
scope, and delay the schedule, of their implementation.
Considering the scope and magnitude of the identified CO2 emissions reduction options, the next
chapter reviews the state of current and proposed policies in terms of being able to encourage their
development and implementation.
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CHAPTER 6 -  THE STATE OF CURRENT AND PROPOSED POLICIES 
FOR DELIVERING CARBON DIOXIDE REDUCTIONS
6.1 Introduction
Chapter 2 surveyed the historical development of the Kyoto Protocol leading to implementation of 
the EU ETS, the first concerted action taken by the EU to tackle climate change, and Chapter 5 
described a range of technology opportunities for the UK refining industry to make considerable 
CO2 emissions reductions. This chapter considers the next phase of policy measures and economic 
instruments to encourage reductions with a focus on the UK refining industry. It begins with a brief 
discussion of the relative merits of regulation compared to economic or market-based instruments, 
followed by a review of experiences with the current system for tradable permits, i.e. the EU ETS, 
and finally it progresses to considering some current proposals for future developments. As a result, 
it fulfils the third objective of the study as described in Chapter 1 -  to review the state of current 
and proposed policies for delivering CO2 emissions reductions in the industry.
6.2 Command-and-Control Methods
Command-and-control methods have been widely used by government agencies to improve or 
protect the environment. Specific environmental standards can be set on an industry or plant in the 
form of minimum or maximum values of an emission or the requirement to use a certain type of 
technology. Although such standards can be effective in achieving their stated objective, they suffer 
from the disadvantages that there is no incentive for additional improvement, even if the cost is 
minimal, and the required technology may not be the most long-term cost-effective one for all 
applications. This lack of flexibility can be a serious concern.
One example of a command-and-control method is the UK’s Environmental Protection Act 1990 
(DoE, 1990) that required major industrial installations to apply to an “enforcing authority” for 
“authorisation” to emit a pollutant and, after extensive negotiations, a maximum limit would be set 
to be achieved by the “best available technique not entailing excessive cost” (BATNEEC). For 
instance, the particulate emissions limit for a typical FCCU might be set at a maximum of 230 
mg/nm^ to be achieved by external tertiary cyclones on the regenerator flue gas. In this case, both
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the emission limit and the technology have been specified so, although there can be some 
operational benefits from reducing the losses of catalyst fines from the FCCU, there is no 
environmental credit that the unit can capture from pursuing improved internal regenerator cyclone 
design, or using a more attrition resistant catalyst. In addition, the application of more effective 
clean-up technologies, such as wet gas scrubbing that is considerably more expensive to install and 
operate but also removes sulphur oxides; or electrostatic precipitation that has been unreliable in the 
past and is more costly to operate, have not been applied. However, in contrast to the US, where 
wet gas scrubbing is universally applied, and the countries of continental Europe, where 
electrostatic precipitation is common, both with standards of less than 50 mg/nm^ maximum, the 
UK refining industry has enjoyed less stringent standards for some time.
Quite apart from illustrating the strengths and weaknesses of a command-and-control method for 
regulating UK FCCU particulate emissions, this example also illustrates the more relaxed attitude 
of the UK authorities compared to those of the US and Europe.
6.3 Economic Instruments
Economic instruments have been used extensively by governments as part of their environmental 
policies and discussed widely by others in terms of their theory and practice, e.g. Opschoor and Vos 
(1989) and the Royal Soeiety (2002). The following section provides a general overview of how, by 
adopting the “Polluter-Pays Principle”, financial burdens are imposed on polluters to create 
incentives for them to reduce pollution; or subsidies offered to encourage them to change their 
operations. The two economic instruments of taxation and tradable permits will be reviewed 
beeause of their recent application to CO2 emissions.
6.3.1 Taxation
The concept of a tax on producers who pollute the environment is associated with Pigou (1920). 
Essentially, a Pigovian tax is one levied to correct the negative externalities of a market activity. As 
applied to carbon or CO2 emissions, it is a tax on the good (e.g. fossil fuel energy such as gasoline 
or natural gas) whose use is the source of a negative externality (e.g. CO2 emissions causing climate 
change) in order to take proper account of, or internalise, the costs associated with the good’s use.
99
Chapter 6 -  The State o f  Current and P roposed Policies fo r  Delivering Carbon Dioxide Reductions
It is a system based on price, not quantity, which allows polluters to decide how to respond. 
Generally, the consequences of the tax, levied on fossil fuel energy users, reduce demand for this 
type of energy and also provide an incentive for users to reduce CO2 emissions by changing their 
activities, either by fuel switching or applying new and more energy efficient technologies. Another 
important benefit comes from the revenue raised that can be used by governments, if they wish, to 
offset the adverse effects of climate change.
There are, however, several problems or difficulties associated with this form of indirect taxation. 
The first relates to setting the appropriate level that counterbalanees the pollution effect since there 
is still considerable debate about the “social cost of carbon” with values ranging from $3 to 
95/toime CO2 (IPCC, 2007). Lobbying can also affect the rate; at the two extremes, polluters will 
argue for a low level that gives minimal mitigation whilst special interest groups will demand a 
high level that results in sub-optimal economic activity.
Secondly, there is the problem that not enough is known about where and by how much government 
should interfere in the choice of individuals. The laws of nature do not define behavioural responses 
so there are likely to be some unexpected outcomes, not all positive. This is particularly so since 
taxes are universally unpopular and the environmental outcome is uncertain.
Lastly, there is the issue of international competitiveness and the need for countries to act together 
to avoid unfairness in addressing what is a universal problem facing all. At the national level, the 
impact of a carbon tax on socially disadvantaged groups is also a concern.
In 1991, Sweden introdueed a carbon tax to complement the existing energy taxes that were 
simultaneously reduced (Johansson, 2000). Although consumers paid the full rate (about $ 150/ton 
in 2000), industry was granted relief and electricity production was exempt. The most obvious 
effect was increased use of biomass for district heating, but any improvement in energy and 
resource efficiency by industry was judged to be limited. This was because of the relief granted, the 
low proportion of fossil fuel used for energy production and the low contribution of energy to total 
production costs. Thus, the Royal Society concluded from a study of carbon tax levied in Sweden 
and five other European countries :
“ so far the attempt to make a carbon tax the essential basis for controlling greenhouse gas
emissions has not yet succeeded. ”
but made the recommendation in their report that:
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“Control o f emission o f CO2 can be effected at lower overall cost by the application o f  an economic 
instrument, such as carbon tax, than by a system based on regulation. ”
However, a recent more positive report on the effectiveness of the Swedish experience with 
environmental taxes (Ministry of Finance Sweden, 2007) has advised:
“ CO2 emissions would have been 15-20 % higher i f  taxes had remained at 1990 level. In
residential and service sectors the emissions in 2005 were one third o f  the emissions in 1990. In 
2006 total revenue from energy and CO2 taxes were equivalent to 2.2 % o f GDP. ”
6.3.2 “Cap-and-Trade” System
Emissions trading, or the “cap-and-trade” system, is an economic instrument used to control the 
emissions of a pollutant at a predetermined level by providing incentives for achieving reductions. 
As applied to carbon or CO2 emissions, each polluter is set a limit or cap by a central agency and 
holds equivalent allowances that can be traded if aetual emissions are greater or less than this 
allocated amount. The mechanism for allocation can be grandfathering, based on historical values; 
benchmarking, also based on historical values but normalised on a range of metrics, e.g. capacity, 
the amounts of raw materials consumed or products made and relative efficiencies; or auction, 
where polluters make competitive bids for what they require. Provided there is a general shortage, 
the trading market is able to set a price on these allowances and in this way companies aequire a 
valuable tradable asset. Thus, in theory, a reduction in emissions will occur at the lowest possible 
cost to society. This is because some companies will invest in emissions reduction projects, giving 
them the opportunity to sell excess allowances, while others, finding it is more cost-effective, will 
purchase allowances rather than make similar investments in more costly projects.
It is a quantity-based system since it sets the overall emissions level and allows the price to vary. It 
is thus attractive for controlling CO2  emissions where specific targets have been agreed and 
thresholds identified beyond which climate change effects become increasingly severe.
However, the cap-and-trade economic instrument has several disadvantages. Firstly, effort is 
required for administration and legal costs for buying and selling allowances making it a more 
costly system to operate than a system for paying taxes based on embedded carbon in fuel as billed 
on invoices. In fact, the cap-and-trade system would be very difficult to implement at the level of 
households or individual consumers on their CO2 emissions, e.g. from home heating and their use
101
Chapter 6 — The State o f  Current and P roposed Policies fo r  Delivering Carbon Dioxide Reductions
of cars. By contrast, it would be relatively easy to include an additional tax to those already in place 
on invoices for these domestic and industrial fuels.
Secondly, as described by Harrison et al. (2007), the initial allocation of allowances is problematic. 
Grandfathering equalises incentives for good and poor performers so is not helpful for making 
large emission reductions, but it does try to prevent stranded assets by providing some opportunity 
for improvement. Proponents of benchmarking may have in mind there will be some future 
updating of allocations so that more efficient performers earn a reward whilst less efficient ones 
suffer a penalty. In both cases, historical emissions may be inflated to give rewards to poor 
performers or be so unrepresentative of future operations as to cause unfairness and, in addition, 
these forms of free allocation give valuable tradable assets to polluters so there is no additional 
benefit to society. In the case of auction, there is no certainty of outcome and poor performers are 
tempted to purchase allowances rather than invest in making improvements. However, the revenue 
raised gives funds for government to distribute in the same manner as those from a carbon tax.
Lastly, and perhaps most importantly of all, since the prices of the allowances are not known in 
advance and are influenced by several factors, e.g. quantity and method of allocation, market forces, 
etc., there can be great uncertainty in the cost of compliance. This can be a serious difficulty for 
companies who have to develop business plans over decades and require certainty for estimating 
rates of return in order to make proper investment decisions.
Experience has been gained from the US where a cap-and-trade system for controlling sulphur 
dioxide (SO2) and nitrogen oxide (NOx) emissions to reduce acid rain effects has operated since 
1990. From a recent analysis (Chestnut and Mills, 2005), the US Environmental Protection Agency 
Acid Rain Program has performed better than expected with annual benefits in 2010 estimated to be 
approximately $122 G (2000$) from improved human health and reduced damage to the 
environment (e.g. clearer visibility, less harm to natural resources and reduced damage to 
materials), at a cost in that year of about $3 G, i.e. a 40-to-l benefit-to-cost ratio.
As part of the 2000 UK Climate Change Programme (DTI, 2000), the UK Government 
implemented a voluntary domestic emissions trading scheme. The Royal Society (2002) also saw 
the merits of such a scheme, albeit with some qualifications as indicated in their recommendation: 
“I f  the economic instrument to be adopted is that o f  introducing tradable permits, there is a case 
for initiating the scheme by grandfathering: i.e., allocating permits to individual companies
102
Chapter 6  — The State o f  Current and Proposed Policies fo r  Delivering Carbon Dioxide Reductions
reflecting their past emission records. We recommend that this stage should he strictly time-limited, 
with the aim ofproceeding to a wholly auctioned permit system as soon as possible. ”
Subsequently, the EU implemented the largest ever emissions trading scheme in the world on 1st 
January 2005 (EC, 2003). In brief, this is a scheme that regulates direct emitters of CO2 ,, e.g. power 
stations burning fossil fuels, in the downstream part of the energy life cycle. The alternative is an 
upstream scheme where embedded CO2 is traded at the point of production or first sale of fossil 
fuels. Although the downstream approach does not provide comprehensive cover since it is not 
feasible to include a large number of small emitters such as motor vehicles, it makes possible the 
inclusion of GHGs other than CO2 and encourages the development and implementation of new 
abatement measures such as carbon capture and storage (CCS).
Harrison et al. (2008) provide a useful analysis of how emissions trading has become the major 
policy instrument of the USA and Europe for combating climate change. The key decisions for 
governments to make on the design and implementation of a programme are discussed, together 
with how private firms and sectors are affected - in terms of their costs and revenues, and existing 
and future operations. For this study, their most important comment is the advice that a GHG cap- 
and-trade programme will pose major challenges for many private firms.
“These firms should determine what emissions trading means for them and what strategies they 
might pursue to respond to the new circumstances and take advantage o f  the flexibility trading
The extent to which the multinational oil companies comprising the UK refining industry have 
responded to the challenge of the EU ETS will be considered shortly.
The European Petroleum Industries Association (EUROPIA) stated their support for emissions 
trading with a request that future policy for GHG emissions reductions should include measures to 
reduce consumer demand for energy (EUROPIA, 2002). The EU ETS was seen as a preparation for 
an international scheme with a strong need for a transitional period before implementation of the 
Kyoto first commitment period; allocations should be free-of-charge and follow harmonised rules 
throughout the EU; and there should be no overlapping legislation or additional taxation.
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6.4 Impact of EU ETS
The global carbon market comprises trading of both CO2 emission allowances, which is done 
almost entirely within the EU ETS, and project-based transactions, such as those resulting from 
CDM and J1 projects.
Details of the UK sectors covered by the EU ETS and their NAP Phase 1 and 11 allocations have 
been given in Sections 2.5 and 3.3. In outline. Phase 1 of the EU ETS was intended to regulate the 
large CO2 emissions sectors that in total accounted for about 46 % of EU emissions. It covered the 
period 2005 to 2007 inclusive and served as an introduction to Phase 11, from 2008 to 2012, that is 
coincident with the commitment period of the Kyoto Protocol.
Although important issues remain about the participation of the USA, China and India in 
programmes to address climate change, discussions have already begun about post-Phase 11 of the 
EU ETS (discussed in Chapter 8 ).
6.4.1 Phase I Experiences
An impression of how successful the nascent global carbon market has been can be obtained from a 
recent World Bank report (Capoor and Ambrosi, 2008), which identified that in 2007 the market 
had increased to $64 G with the EU ETS contributing $50 G; the only concerns expressed were 
about the levelling off of transactions involving projects under the CDM.
However, behind this positive message about the EU ETS are some details worthy of discussion. In 
the first instance, the trends of the quoted spot price and volumes traded of CO2 emission 
allowances are shown in Figure 6.1.
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Figure 6.1. Trend of Price and Volume of CO2 Allowances on EU ETS.
Source: EEX, 2008.
It can be observed that during the seeond half of 2005, through to the end of the first quarter of 
2006, the market appeared to support a reasonable priee for allowances at €20-3 0/t. However, in 
May 2006, when the verified CO2 emissions of all the registered installations were published, it was 
discovered that the 25 member states of the EU had emitted about 173 Mt CO2 less than their total 
NAP Phase 1 Allocations of 1987 Mt (DEFRA, 2006c). This resulted in a sudden and sustained 
drop in value to about €15/t, followed by a gradual decline to zero as the market judged it was 
improbable that there would be any ehange in the situation until at least the advent of Phase 11. 
Since banking of allowances was not permitted over the transition from Phase 1 to Phase 11, this has 
also contributed to the deeline in value of allowances. As a result, it has been the futures market that 
has contributed to the growth in financial value of the EU ETS based on expected shortages of 
allowanees in Phase 11 and thereafter, with industrial and financial companies hedging their carbon 
exposure by trading for their own and client aecounts.
Regarding the matter of CO2 emissions, the EU approved UK NAP 1 eap was 245.4 Mt/year CO2 
emissions for free allocation to all participants (as shown in Table 2.1 of Chapter 2). Fewer 
allowances were granted by the UK Government to the Power Sector than its expected needs but all 
other sectors had their expected needs met. Although there was a surplus of allowances within the 
EU, the UK emitted 242.3 Mt CO2 in 2005, 27.1 Mt higher than the total issued alloeation (215.2 
Mt) whieh meant that allowanees had to be purchased or borrowed. This laek of harmonisation, in
105
Chapter 6 -  The State o f  Current and P roposed Policies fo r  D elivering Carbon Dioxide Reductions
which some Member States were short of allowances, e.g. the UK, while the majority were long, is 
a serious concern for relative competitiveness.
In the refineries sector (as previously shown in Table 3.4 of Chapter 3), emissions have consistently 
been below allocations in both 2005 (94 %) and 2006 (91 %), although two refineries (Texaco, 
Pembroke and Ineos, Grangemouth) are thought to have had to purchase or borrow allowances.
Reasons given by DEFRA (2006c, 2008a) for the refineries’ overall surpluses include a slightly 
lower throughput of crude oil than used in projections for the NAP, investments in energy 
efficiency projects and the cessation of a particular product at one refinery. This was 
counterbalanced to some extent by imports of heavier types of crude oil and projects implemented 
to reduce sulphur in fuels (although not to the extent or pace expected at the time).
Generally, as described in Chapter 4, it has been “business as usual” for the refineries in terms of 
participating in the EU ETS with the natural driver for reducing CO2 emissions coming from energy 
savings; where there has been the need to purchase allowances, these have been considered to be an 
additional operating cost. In their analysis of the EU Refining Sector, Convery et al. (2008) made 
the judgment that competitiveness effects of the EU ETS have been “very modest”. However, since 
the refineries face tightening carbon constraints, due to the need for increased processing of heavier 
crude oils, their exposure to foreign trade means they could experience a significant threat to 
competitiveness in the future.
In order to determine if any emissions abatement occurred following the implementation of the EU 
ETS, it is necessary to compare business-as-usual estimates with actual verified emissions. This has 
been done by Ellerman and Buchner (2008), as reported by Convery et al. (2008), who estimate a 
total reduction of between 2.5 and 5 % below the level emissions would have reached without the 
EU ETS.
Commenting on all these early experiences with the EU ETS, the major oil companies have given 
mixed responses; in fact, they could not be more different in terms of their recommendations to 
policymakers. ExxonMobil have criticised the EU ETS (Tillerson, 2007) because it has not 
delivered a uniform and predictable cost for carbon as required to manage investment risk; in 
addition, the system is considered to be administratively complex. In the view of ExxonMobil, 
preferable alternatives would be an upstream cap-and-trade system (offering potential advantages in
106
Chapter 6 — The State o f  Current and Proposed Policies fo r  D elivering Carbon D ioxide Reductions
terms of efficiency and simplicity, and providing a cost of carbon to the entire economy) or a 
carbon tax (enabling the cost of carbon to be spread across the whole economy in a uniform and 
predictable way).
On the other hand, BP (Haywood, 2007) has made a case for needing environmental certainty over 
cost certainty. Effective caps on GHG emissions in a regional, leading ultimately to a global, cap- 
and-trade system would impose an economy wide carbon price. This would then generate 
incentives for massive emissions reductions. Transitional incentives should then be used to 
accelerate the cost reduction of new technology.
What has also been evident from experiences with Phase I is that it has enabled some companies to 
make large windfall profits. In particular, although the power generation companies were granted 
extensive free emissions allowances, they have been able to introduce large increases in the price of 
electricity charged to both business and domestic customers because of limited competition within 
their industry. This is illustrated in the case of Germany in Figure 6.2 where the electricity price 
increased steeply by almost 30 % up to September 2005, following the emissions allowance price. It 
then continued to increase due to other factors but, when the allowance price collapsed in May 2006 
(as shown and confirmed in Figure 6.1) there was less of a corresponding fall in electricity price 
than expected. Overall, the electricity price increased by nearly 60 % following the start of Phase I. 
Windfall profits were reported to have cost German consumers about €5 G/year (IFIEC, 2006).
Although the costs of fuels consumed and the demand for electricity were contributing factors, 
similar but smaller windfall profits have also been identified in the UK with Ofgem (2007) 
reporting that the results from 2005:
“ provided a valuable learning phase......
and:
“ the free allocation o f allowances gives rise to large transfers o f  money -  running to
billions o f Euros each year from electricity customers to electricity generators
This situation was widely foreseen. For example, the Carbon Trust (2004) concluded:
“ the electricity sector will almost certainly not lose as a result o f the EU ETS”.
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Figure 6.2. Electricity Prices in Germany and CO2 Prices in the EU ETS.
Source: IFIEC, 2006
And, Smale et al. (2006) reviewed académie literature over 1997 -  2003 that highlighted only about 
15 % of emission allowances need to be “grandfathered” to maintain a constant level of profits, 
which contrasts with the 78.5 % given to the power generation industry based upon 2003 emissions 
(the shortfall having to be purchased on the EU ETS) as shown in Table 2.1 of Chapter 2.
However, despite these plausible theoretical analyses, it is not possible to argue that the EU ETS is 
the only cause of price increases leading to windfall profits sinee there was a coincidental rise in the 
priee of crude oil that is a bench marker for fuel oil and natural gas used as fuels for generating 
power. In fact. Figure 6.3 shows that the price of a typieal North Sea crude oil (Brent Blend 38° 
API) inereased by about 65 % over the same time period as the electricity prices shown in Figure
6.2 (EIA, 2008b). Nevertheless, although energy from eoal, nuclear and renewable sources is also 
used to generate power and would partly offset the magnitude of this increase when applied to the 
average price of eleetricity, it does indicate that the EU ETS was a significant contributor to the 
larger than normal profits of the power generation industry.
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Figure 6.3. Spot Price of Brent Blend 38" Crude Oil.
Source: EIA, 2008b.
Such experiences with eleetricity prices - understood and foreseen by analysts, noted and suffered 
by consumers, but ignored or discounted by policymakers - were complemented by other 
grievances expressed about the EU ETS; based on their observations, by the middle of the Phase I 
period, Grubb and Neuhoff (2006) had highlighted three important problems that needed to be 
addressed for Phase 11 and beyond. These concerned the allocation of allowances, the lack of 
commitment to a post- 2 0 1 2  phase and the impact on the international competitiveness of key 
sectors. All three problems are critical to Europe having an effective economic instrument to deliver 
reductions in CO2 emissions and will be covered in the remainder of this and, more specifically in 
relation to the UK refining industry, in Chapters 7 and 8 .
6.4.2 Phase II Modifications
EUROPIA has issued guidance to the national oil industry associations, including UKPIA, for 
contributing to the definition of Phase 11 NAPs for the oil refining sector (EUROPIA, 2005). On the 
matter of allocation of allowances, it advised that harmonisation of allocation methodology should 
be treated as a priority; allowances derived from the baseline period should be granted free-of- 
charge; a bottom up approach is favoured at installation level combined with an overall adjustment
109
Chapter 6 — The State o f  Current and Proposed Policies fo r  Delivering Carbon Dioxide Reductions
for each sector and it does not support any element of auctioning. In addition, it suggested the 
baseline period should take account of refinery process unit shut downs; banking of allowances 
should be permitted; the international competitiveness of the sector should be carefully evaluated; 
credits should be given for reducing the amount of fuel oil combusted and extra allowances should 
be issued to support the installation of CHP systems.
As noted by Capoor and Ambrosi (2008), the EC also appears to have recognised the need for 
improvements to Phase I in the modifications it has made for Phase II. These include reducing the 
total of Member States’ NAP II cap by 6.5 % below 2005 verified emissions to create a shortfall in 
allowances; having the power generation industry take the largest emissions reductions; permitting 
more auctioning of allowances (taken from the power generation industry to address windfall 
profits); the proposed inclusion of air transport; including Norway, Liechtenstein and Iceland; and 
providing the ability to “bank” unused allowances from Phase II to future compliance periods. All 
should improve the effectiveness of the EU ETS in delivering sustained CO2 emissions.
For the UK, the EU approved NAP II cap is 246.2 Mt/year CO2 emissions with the UK Government 
intending to auction, or otherwise sell, 7 % of the allowances given to the Power Sector. As before, 
most of the emissions reduction is carried by this sector with the other sectors receiving free 
allowances according to their expected needs. A Good Quality Combined Heat and Power Sector 
has been created to more closely monitor and encourage growth in this sector. This has resulted in 
some revision to allowances in the Refineries Sector, as set out in Section 2.5. Individual refineries 
have generally seen a reduction of up to 8  % (see Section 3.3) with Ineos, Grangemouth receiving 
an extra allowance from the NER associated with their newly refurbished FCCU.
At the time of writing (summer 2008), the UK Government has completed its consultations and is 
preparing to issue details of how the auction will work
In the meantime, the level of windfall profits that might be accrued by the UK power generation 
industry remains a concern with estimates of €6-15 G (PointCarbon, 2008) and £9 G (Ofgem, 2008) 
over the entire period of Phase II. Ofgem has even proposed that these windfall profits be used to 
fund aid for households suffering fuel poverty where more than 1 0  % of their income is spent on 
energy. Such a windfall tax has a precedent in the July 1997 Budget when the Chancellor of the 
Exchequer required the recently privatised utility companies to pay a once-off tax on excessive 
profits made (payable in two instalnients - one in 1997 and the other in 1998) that was expected to
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raise £5.2 G. There was some justification for the tax since the utility companies had been sold off 
by the previous Government at artificially low prices - as demonstrated by the massive 
oversubscription of shares - to encourage small investors to own shares on the stock market.
More recently, with a deteriorating economic condition in the UK that has included large increases 
in household utility bills and other family expenses, such as gasoline and diesel, the depth of public 
concern has increased. At the time of writing (summer 2008), the Bank of England (2008) has 
advised that the Consumer Price Index inflation was 4.4 % in July and likely to peak at around 5 % 
in the coming months (compared to the 2 % target set by the UK Government); this is sufficient to 
cause economic hardship for many families. The scope of interest has therefore widened beyond the 
power generation industry to include all the major utility, gas and oil companies that have 
apparently been earning excessive profits. Again, it has been difficult for analysts to distinguish 
between real costs, such as crude oil and emissions allowances actually purchased, and opportunity 
costs, such as emissions allowances granted for free but passed on in the absence of a competitive 
market. Nor is it easy for the public to determine and accept what is a reasonable level of profit, or 
cost of the future, when enormous investments are required by these companies to provide future 
secure supplies of energy whilst at the same time delivering much reduced emissions of CO2 .
Against this background, there have been recent calls for another windfall profits tax, this time on 
all energy companies. Although there is popular appeal for such a tax, the case against has been 
expressed by the Director-General of the Confederation of British Industry (Lambert, 2008). His 
case against such a tax includes the arguments that it would be a retrospective tax levied without 
any prior notification, such as in a party manifesto; UK energy companies are already heavily taxed; 
it represents additional risk and costs for companies in a capital intensive industry that would 
discourage future investment; massive investment is required for the future supply of secure and 
affordable energy with low carbon emissions; and the adverse impacts and burdens of the tax would 
be passed on throughout the whole economy, including ultimately higher prices to consumers.
6.4.3 Current Proposals for Post-Phase II
A post-Phase II for the EU ETS from January 2013 is central to the EU’s strategy for addressing 
climate change. EC proposals (COM, 2008a) for review include the following elements:
111
Chapter 6 — The State o f  Current and P roposed Policies fo r  D elivering Carbon D ioxide Reductions
1. A Community commitment to deliver GHG reductions of at least 20 % below 1990 levels by 
2020, and by 30 % if other developed countries make similar efforts, leading to all sectors of the 
economy contributing to at least 50 % reduction by 2050,
2. EU-wide allowances will be issued by the EC and decrease in a linear manner, i.e. the current 
use of NAPs by Member States will cease. To ensure an overall emissions reduction of at least 
20 % below 2005 emission levels by 2020, the annual decrease in allowances should be 1.74 % 
of the NAP allowances issued for the period 2008 to 2012, calculated from the mid-point.
3. Harmonised allocation in the form of auctioning to ensure equal conditions of competition 
within the EU; 90 % of the total allowances to be auctioned should be distributed amongst 
Member States according to their 2005 emissions with the remainder given to low-income, 
high-growth Member States.
4. At least 20 % of the proceeds from the auctioning of allowances should be used to support 
activities addressing climate change, e.g. development of renewable energy, CCS projects, etc.
5. On a transitional basis, the free allocations based on the 2008-2012 average annual allocation 
should be phased out:
a. For electricity production, auctioning should apply to all allocations from 2013; plants 
fitted with CCS should not receive any free allocation but electricity generators may 
receive free allowances for any heat delivered through cogeneration.
b. For industrial installations (including oil refineries), the free allocation should be 80 % 
in 2013 and thereafter reduced by equal amounts each year to zero by 2 0 2 0 .
6 . Transitional free allocations should be provided through harmonised Community-wide 
benchmarking rules and must be fixed prior to the trading period.
7. Energy intensive sectors vulnerable to competition and carbon leakage would be identified by 
June 2010; provisions would then be made to provide additional free allocations or require 
importers to buy permits.
8 . The extension of the EU ETS to include additional installations associated with the aluminium, 
non-ferrous metals and chemicals sectors; perfluorocarbons and nitrous oxide will also be 
included in the scheme.
9. Credits from JI and CDM projects that have not been used previously may be banked for use in 
the post-Phase II operation of the EU ETS.
The UK Government has advised (DEFRA, 2008b) that its position is under development but its
initial thoughts, without providing additional details at this time, are:
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1. The Review should consider the benefits of a mandatory minimum level of auctioning and 
Member States should have some flexibility e.g. to capture windfall profits if required.
2. The chosen allocation methodology should create the right incentives for industry to price the 
cost of carbon into their investment decisions.
3. The long term ambition should be towards 100 % auctioning in a phased approach and industry 
will have to present a strong case for any potential exceptions.
In the meantime, the Climate Change Committee, formed under the draft Climate Change Bill 
(DEFRA, 2007e), has published a detailed work plan (DEFRA, 2008c) for comments on how it will 
provide recommendations to the UK Government on a range of matters including whether the 2050 
target should be 60 % or higher, the level of the first three carbon budgets covering the period 2008 
to 2022 and the relative contributions to emissions reduction which should come from the cap-and- 
trade system and from overseas projects.
Industry has responded by expressing its concerns about the lack of global commitment in terms of 
policy and regulation as is evident from recent comments made by Royal Dutch Shell (van der 
Veer, 2008a). The company have been forced to prepare two energy scenarios for reaching 2100:
“ the first scenario Scramble. Like an off-road rally through a mountainous desert, it promises
excitement and fierce competition. However, the unintended consequences o f  “more haste” will 
often he “less speed”, and many will crash along the way.
The alternative scenario can he called Blueprints, which resembles a cautious ride, with some false 
starts, on a road that is still under construction. Whether we arrive safely at our destination 
depends on the discipline o f  the drivers and the ingenuity o f  all those involved in the construction 
effort. Technological innovation provides the excitement.”
The Blueprints scenario is preferred but for it to be realised requires:
“ policymakers (to) agree on a global approach to emissions trading and actively promote
energy efficiency and new technology in four sectors: heat and power generation, industry, 
transport and buildings. ”
Van der Veer (2008b) has recently made a specific plea for EU policy makers to encourage the 
rapid development of CCS with a call for CCS projects to be granted credits, tradable in the ETS, 
for the abated CO2 emissions. This would be an important step for commercial development of the 
technology that would demonstrate EU leadership in climate change, particularly considering all the
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coal- and gas-fired power stations already built in developed countries and being built in developing 
countries. As discussed in Chapter 5, CCS may also be applicable to some refinery processes.
Despite these uncertainties about the rules and regulations under which business should be 
conducted, there is nevertheless increasing pressure being applied on companies by organisations, 
such as Ceres (2008) and the Carbon Disclosure Project (2008), who represent both institutional 
investors and environmental interest groups. Such organisations are not just asking for more 
disclosure of environmental data but are leveraging the power of the financial institutions to ensure 
companies have included long term environmental strategies in their project plans for future 
operations; the argument is that it would be an imprudent financial risk for shareholders to invest in 
companies that do not have business plans that address some of the serious environmental threats 
affecting their long term sustainability.
6.5 ETS in the USA
Following the success of US cap-and-trade systems for controlling SO2 and NOx emissions, and no 
doubt also aware of the progress of the EU ETS, several states of the US have developed, or are 
developing, their own emissions trading schemes. With a start date of 2009, the Regional 
Greenhouse Gas Initiative (RGGI) covers CO2 emissions from power generation across the 
northeastern states (RGGI, 2007). The programme involves holding current emissions constant up 
to 2014 then making reductions of 10 % by 2018 with at least 25 % of allowances auctioned. 
Several features are included to avoid excessive constraints or costs should they arise.
On the west coast, California is a member of the Western Climate Initiative that includes other 
western states and provinces of Canada who are planning a market-based mechanism to reduce 
GHGs in their region. Their goal is an aggregate regional reduction of 15 % below 2005 levels by 
2020 (WCI, 2007). Coverage would be across multiple industrial sectors for all GHGs as reported 
to the UNFCCC and the metrics used would be consumption-based estimates for the electricity 
sector.
With such progress being made by individual states of the USA, it seems it will only be a matter of 
time before the federal government will introduce a nation-wide cap-and-trade system for regulating 
CO2 and other GHG emissions. So far, the most significant proposal is the Lieberman-Warner Bill
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(Lieberman and Warner, 2007) that would reduce emissions by 70 % below the 2012 level by 2050 
with predominantly free allocations being replaced by auctioning over time.
6.6 Comparison between the EU ETS and Carbon Tax
After three full years of operation, it is possible to make the following summary of experiences with 
the EU ETS. At the least, the cap-and-trade system has been successfully implemented on a large 
regional scale but so far the actual CO2  emissions reductions have been very modest. This lack of 
success has been due to high volatility and ultimate collapse in the spot price for emissions 
allowances caused by the excessive granting of grandfathered allocations, i.e. no shortfall and the 
inability to bank allowances over the transition from Phase I to Phase II. As a result, the general 
complaint from industry is the lack of a firm basis for making decisions about long term 
investments in emissions reduction projects. In some sectors, companies not exposed to competition 
have been able to pass on opportunity carbon costs to consumers and generate large profits. At a 
time of high prices of crude oil and increased consumer price inflation, the UK general public is 
now suffering economic hardship with no immediate prospect of the situation easing. The UK 
Government is thus under pressure to improve the economic condition and deliver its commitments 
on CO2 emissions reduction. However, despite the large financial market value, both real and 
potential, in carbon trading, there has been no additional Government revenue that could be used to 
stimulate the development of new emissions reduction technologies or improve energy efficiency to 
help consumers. With this background, it is pertinent to enquire whether the alternative to the EU 
ETS of an EU carbon tax, as described in Section 6.3.1, might be more effective.
In the first instance, it is worth noting that the future plans for the EU ETS, as outlined in Section 
6.4.3, are expected to do much to improve the scheme’s effectiveness. Also, in the USA, proposals 
have been made to extend some state cap-and-trade schemes to the country as a whole, as described 
in Section 6.5. There is thus a general expectation that the EU ETS can both be improved and 
possibly be extended to other regions.
However, the alternative of a carefully designed EU carbon tax, with the revenue going to Member 
State governments for promotion of emissions reduction projects and programmes, would provide 
price certainty for companies to make investment decisions. If the rate was initially set at a low 
level on embedded carbon contained in fuels, it could then be gradually increased over time to 
encourage further reductions according to longer term international commitments. Such a tax would
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overcome the issue of windfall profits. It also provides simplicity and transparency, and could be 
applied across all sectors of the economy, including both industrial and individual consumers. At a 
time when consumers need to become more interested in how their lifestyles affect the 
environment, there is a powerful message that could be conveyed by information on CO2 emissions 
and associated carbon taxes on the invoices of possible purchases that would help them make the 
correct decisions about how to satisfy their wants and desires. However, since taxes are universally 
disliked and can adversely affect socially disadvantaged groups, consideration would need to be 
given to balancing the extra costs of carbon with associated energy savings. Finally, the difficulties 
of gaining international acceptance would be eased by the precedent that has already been set by the 
EU with its value added tax on selected goods, and such a transparent tax could also be considered 
for levying on any fuels imported from outside the EU (and rebates given on exports) for 
consistency.
Thus, on the basis of applying hindsight from these learning experiences with the ETS and making 
a comparison to the described outline proposal for a carbon tax, it is judged that the more effective 
economic instrument for reducing CO2 emissions within the EU would have been the carbon tax. 
Having made this judgment, however, the pragmatic approach now dictates continued use and 
urgent development of the ETS so that the EU’s goal of delivering substantial and sustained 
emissions reductions can be realised in a timely manner.
The author is aware of the limitations of this analysis, which could be the subject of a separate 
research project in its own right. Stem (2006) is non-committal about whether taxation or trading is 
best and identifies strengths and weaknesses of both when judged against principles of efficiency, 
equity and public finance considerations. He advises:
“The effectiveness o f any tax or emissions trading scheme depends on its credibility and on good
design. ”
and:
“Carbon-pricing policy is only one element o f  a policy response to climate change...... (it) should sit
alongside technology policies and policies to remove the behavioural barriers to action. ”
6.7 Other UK Legislation and EC Directives
New UK legislation (DfT, 2007) has introduced a Renewable Transport Fuels Obligation (RTFO) 
that now requires the phasing-in of biofuels into gasoline and diesel beginning at 2.5 vol. % by
116
Chapter 6 — The State o f  Current and P roposed Policies fo r  Delivering Carbon Dioxide Reductions
April 2008 up to 5.3 vol. % by 2010; it is claimed that this would save 2.6 to 3 Mt/year CO2 
emissions from road transport, (but this estimate is contentious since it was made without 
considering balances over the life cycle of biofuels (Gallagher, 2008)). There is also a financial 
incentive to use such fuels through a fuel duty differential which is currently 20 p/1. If these 
obligations are met (a buy-out level has been set at 15 p/1 of biofuel) then there will be 
corresponding effects on the surplus of petrol (aggravated) and the deficit of diesel/gas oil (eased).
However, numerous parties have expressed concerns about the adverse environmental impacts of 
biofuels, e.g. water pollution, biodiversity loss, deforestation, resulting in a House of Commons 
cross-party committee (HoC EAC, 2008) advising:
“ the Government and EU should not have pursued targets to increase the use ofbiofuels in the
absence o f robust sustainability standards and mechanisms to prevent damaging land use change. ”
The Renewable Energy Directive (COM, 2008b), requires EU Member States to commit to a 20 % 
share of renewable energy sources in total EU energy consumption (with a 15 % target for the UK) 
and, more specifically, a minimum level of 10 % for biofiiels in transport by 2020.
In the case of the proposed increase in use of biofuels, certain criteria have been defined to ensure 
environmental sustainability. These include a minimum GHG saving of 35 % for the biofuel to be 
classified as such and the stipulation that land should not be used if it has recognised high 
biodiversity or high carbon stock. Nevertheless, there are still outstanding concerns (e.g. HoC EAC, 
2008).
The Fuel Quality Directive (COM, 2007), requires EU Member States’ suppliers of road fuel to 
reduce life cycle GHG emissions. The reduction shall equal an additional 1 % of the emissions in 
2010 per year for each calendar year up to and including 2020. The level of life cycle GHG 
emissions per unit of energy reported in 2020 shall be no greater than 90 % of the level reported in 
2010. In addition, the proposals include more stringent specifications on the maximum amounts of 
sulphur and polyaromatic hydrocarbon content in diesel, the establishment of a separate gasoline 
blend and modified vapour pressure limit for blending biofuels in gasoline, and a mandatory 
requirement for fuel suppliers to report on life cycle GHG emissions of the fuel they sell from 2009.
This latter requirement means that the results from this work, which allocated CO2 emissions from 
Refineries A and B to finished products, e.g. gasoline, are particularly relevant. Chapter 4 presented
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a methodology and results showing that, over one month periods, the allocated CO2 ranged from 
223 to 278 and from 242 to 329 kg/t gasoline for Refineries A and B respectively. It therefore 
follows that enhanced optimisation of gasoline blending and the implementation of energy 
efficiency improvements could be effective in meeting this element of the proposed new legislation. 
It also raises the issue of the need for accounting rules in measuring and reporting such emissions.
6.8 Post-Kyoto Protocol
No progress has yet been made on a global agreement on what should follow the end of the 2008 to 
2012 commitment period of the Kyoto Protocol. At the thirteenth session of the UNFCCC COP, the 
so-called “Bali Roadmap” was agreed (UNFCCC, 2007), launching a new negotiation process to 
address:
“ a long-term global goal for emissions reductions in accordance with the principle o f
common but differentiated responsibilities and respective capabilities, and taking into account 
social and economic conditions and other relevant factors.”
An Ad Hoc Working Group has been formed and instructed to complete its work by 2009 when it 
will present its results in Copenhagen for adoption at the fifteenth COP.
In reporting the achievements of the Bali COP, Grubb (2008a) uses the phrase "plus ça change, plus 
c'est la même chose" (the more things change, the more they stay the same). This is a succinct way 
of saying that despite the Roadmap providing future negotiations with an agreement that the 
developed countries make "quantified emission commitments" and the developing countries be 
"supported by technology and enabled by financing and capacity-building", most of the key 
difficulties in achieving these objectives remain as unresolved as ever.
Others have expressed stronger views such as “Time to ditch Kyoto”. Prins and Rayner (2007) have 
argued that the Bali COP needed to radically rethink climate policy by focusing on a bottom-up 
approach of policies and measures from which countries could choose to suit their particular 
circumstances, together with a large scale-up of investment in research and development in both 
energy technologies and adaptation, rather than drafting a bigger and better version of the Protocol.
Quite apart from the general issues of sustainable development and the desire to achieve basic 
levels of material equity and social justice within and between nations, one fundamental question is
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whether a country’s GHG emissions should be measured on a production or consumption 
accounting basis. This makes a significant difference: Helm et al (2007) have identified that on a 
production basis the UK has reduced its emissions by 15 %, thus meeting its Kyoto commitment of 
at least a 12.5 % reduction below 1990 levels by 2008-2012, but on a consumption basis emissions 
are calculated to have increased by 19 %. China, together with other developing countries, is also 
arguing that a significant proportion of its emissions are associated with goods it is exporting for 
consumption by the developed countries. At the same time, the US is not prepared to reduce its 
emissions and economic prosperity without a corresponding response by China, India and other 
developing countries.
At a recent University of Surrey workshop, Clift (2008) argued in favour of adopting the life cycle 
assessment approach with the accumulation of economic value and environmental impact along the 
whole supply chain to reveal disproportionality between emissions and added economic value. 
Grubb (2008b), at the same event, advanced the pure economist’s view, that if a producing country 
made money from making and exporting goods to a consuming country then the associated 
emissions are to the account of the producing country. He also suggested that an evolutionary, 
rather than revolutionary, change to consumption based accounting was possible by adopting a 
carbon added regulatory system that could be initially applied to a single industry, e.g. steel making. 
Such a system has a precedent in the value added tax already applied on selected goods throughout 
the EU.
6.9 Conclusions
It is concluded that:
1. There has been mixed success from the implementation of Phase I of the EU ETS. In particular:
a. All the main elements of the ETS are in place and functionality has been demonstrated. 
Amongst EU Member States, at least, the concept has now been generally accepted that 
there is a limit to the previously free right to emit CO2 and a mechanism has been 
implemented that potentially could deliver emissions reductions.
b. There has been considerable variability in the NAPs prepared by Member States and 
approved by the EC. This lack of harmonisation, in which in some Member States were 
short of CO2 emission allowances, e.g. the UK, while the majority of others were long, 
is a serious concern for relative competitiveness.
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c. The EU ETS was able to initially establish a price for carbon in terms of CO2  emission 
allowances but a collapse occurred when a general surplus in allocations was discovered 
and it was realised that banking of allowances was not to be permitted over the transition 
from Phase I to Phase II. Although such dynamics demonstrate the ETS is able to 
properly respond to market forces, they also highlight the failure of the policymakers in 
not providing a means for the market to establish a stable sustained price. Such 
uncertainty in the current and future price of carbon is a serious concern to companies in 
the development of their long-term investment plans.
d. The large free allocation of CO2 emission allowances and the lack of competition were 
contributing factors that permitted the power generation industry to make windfall 
profits. Provided that an industry is not exposed to competition, auctioning would be a 
fair and effective means of returning any pass-through charges, either to consumers or to 
worthy causes (e.g. the development of projects to reduce GHG emissions, progress 
renewable energy, etc.).
2. A continuing weakness of the EU ETS, and other EU measures intended to tackle climate 
change, is its limited global application that could adversely affect EU competitiveness and 
encourage leakage of CO2  emissions to other regions of the world.
3. Although there are some differences of opinion between BP, ExxonMobil and Royal Dutch 
Shell, all the oil majors have expressed serious concerns about the current and proposed 
operation of the EU ETS and the lack of global commitment in terms of policy arid regulation. 
On a more positive note, they have expressed support for measures to reduce climate change but 
are seeking fair and consistent terms over sufficient periods of time to provide a robust basis to 
develop and implement the necessary long-term investment programmes to reduce CO2 
emissions.
4. On balance and with hindsight, taxation would appear to be better in some respects than a cap- 
and-trade system but, from the current position, the pragmatic approach is to build upon the 
investments of thought, time and money already made in the EU ETS. The system could, and 
should, be made to work more effectively by progressing the identified areas for improvement 
and incorporating measures for more rigorous CO2 emissions reductions, rather than to develop 
alternative economic instruments with all their associated strengths and weaknesses that would
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also have to be resolved. There is some merit in considering how a carbon-added regulatory 
system might work as an evolutionary, rather than revolutionary, change to the existing system.
5. There is a need to encourage the development and implementation of selected CO2 emissions 
reduction and energy technologies such as CCS, at least as far as the first commercialisation.
6. Current UK legislation (RTFO) and proposed EU Directives (Renewable Energy and Fuel 
Quality) require increased amounts ofbiofuels in petrol and diesel, as well as reduced life cycle 
GHG emissions which, if implemented, will result in the following consequences for the UK 
refining industry:
a. Directionally, reduced demands for petrol and diesel as refined hydrocarbon products, 
thus contributing to the current surplus of gasoline and easing the current deficit of 
diesel;
b. Real benefits potentially available from allocating and optimising CO2 emissions to the 
components of gasoline and diesel and from the implementation of energy efficiency 
improvements at refineries.
7. There still remains considerable uncertainty about the details of any post-Phase II EU ETS, 
development of post-Kyoto Protocol policy and actual delivery of CO2 emissions reductions to 
mitigate climate change.
Since the current international policy focus is on economic instruments for delivering CO2  
emissions reductions, in particular the cap-and-trade system, the next chapter examines how the UK 
refining industry would be affected by the cost of carbon that these policies might give rise to in the 
future.
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CHAPTER 7 -  THE POTENTIAL IMPACT OF THE COST OF CARBON ON 
THE UK REFINING INDUSTRY
7.1 Introduction
This chapter investigates the potential impact of the cost of carbon on the UK refining industry, 
initially focusing on 2006, but then developing scenarios and cases for the future, as set out in the 
fourth objective of the study described in Chapter 1. It begins with a review of CO2 emissions and 
the economic importance of refining compared to other selected industrial sectors, then progresses 
to an examination of the profitability of the refining industry, followed by an evaluation of the 
impact of the cost of carbon on refining margins and the selling price of gasoline. Finally, a 
Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis is made to identify issues that 
could potentially affect the long term future of the industry.
7.2 CO2 Emissions and Economic Importance
The refining industry is just one of a number of UK industries that emits significant quantities of 
CO2 emissions, so to judge if it should be subject to special attention requires an examination of its 
relative economic importance. In the first instance, this has been done by normalising the CO2  
emissions of selected industries in terms of their “Gross Value Added” (GYA) which is a measure 
of a specific industry’s contribution to the economy of the UK. GYA can be calculated as:
GY A (£) at Basic Prices
= Value of Output (£) i.e. Sales less Taxes plus Subsidies 
-  Cost of Goods and Services (£)
GYA is thus a useful indicator that measures the contribution that an industry makes to the national 
economy, but it should be noted that it provides no specific information on profitability as discussed 
in the Text Box 7.1.
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Text Box 7.1. Measures of Economic Performance.
There are several traditional economic indicators that can be used for measuring the economic performance of  
a country such as the UK’s refining industry and its oil refining and fuels marketing operations. This text box 
gives some explanation o f their definition and application as used here.
Gross Value Added (GYA) is a measure o f the contribution that an industry makes to the economy o f  the UK 
with no account taken o f the costs o f labour or capital. OVA at basic prices, i.e. less taxes plus subsidies, is 
widely used. In the case o f the oil industry it relates to both oil refining and fuels marketing operations, i.e. it 
includes all the oil refineries and retail fuel stations in the UK.
OVA (£) at Basic Prices = Value o f Output or Turnover (£)
Total Cost o f Goods, Materials, Services Purchased (£) 
i.e. GVA = Profits + Costs o f Labour and Capital.
Net Cash Margin (NCM) is a benchmarking measure o f the profit that an oil refinery makes from the 
processing o f a barrel o f crude oil into refined products with no account taken o f the costs o f capital. It does 
not include fuels marketing operations, i.e. the retail selling o f petrol and diesel to consumers.
NCM ($/bbl) = Gross Margin ($/bbl) -  Cash Operating Expenses ($/bbl)
where Gross Margin is the total value o f the products less the cost o f crude oil 
and Cash Operating Expenses are the operating costs associated with the purchase and 
transport o f crude oil, chemicals and other consumables, energy usage, product despatch, 
labour, etc..
In financial terms, it is equivalent to earnings before interest, tax, depreciation and amortisation (EBIDTA).
Simple target margins are also used by oil companies for the management o f their operations. For instance: 
Brent NEW Refining Margin ($/bbl) = Total Value o f Refined Products ($/bbl)
- Cost o f Crude Oil ($/bbl)
- All Variable Costs ($/bbl)
with no account taken o f the costs o f energy, labour or capital. It is therefore less rigorous than NCM.
Retail Fuels Margin (p/1) = Total Value o f Fuel Station Sales (p/1)
- Total Cost o f Fuels, Goods, Services (p/1).
Data for 2006, from the Office of National Statistics (ONS, 2007a) have enabled the construction of 
Figure 7.1 which covers the manufacturing industries of Lime, Cement, Basie Iron and Steel, and 
Refined Petroleum Products, as well as the generation of Electricity. These industries have been 
selected because of the magnitude of their CO2 emissions, as well as their strategic and economic 
importance to the UK. It should be noted that Figure 7.1 is a logarithmic-logarithmic plot in order to 
accommodate all the data points with clarity. For comparison purposes, the whole UK economy had 
a GVA of £755 G in 2005, i.e. about £800 G in 2006, (for Sectors A-0, but excluding the Property 
Sector, as defined by ONS) and the total CO2  emissions were 555 Mt, (including both emissions 
and removals from Land Use, Land Use Change and Forestry) (DEFRA, 2008d).
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Refined Petroleum Products
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Figure 7.1. CO2 Emissions and Gross Value Added for Selected Industrial Sectors in 2006.
Derived from DEFRA, 2007f; ONS, 2007a.
It can be seen that in absolute terms, electricity generation has a considerable impact in terms of 
both CO2 emissions and GVA, which explains why the UK Government is paying particular 
attention to this industrial sector. The refining industry is also noticeably important and, in view of 
the much smaller number of refineries compared to power stations, might present some 
opportunities for similar special consideration.
Figure 7.2 helps to position all these sectors relative to the total UK in terms of CO2 emissions per 
GVA. In this case, although Refined Petroleum Products’ emission intensity (at 10.5 kg/£) appears 
low relative to the other sectors, they are 15 times the Total UK average (of 0.69 kg/£). However, it 
must also be remembered that the latter includes many business and financial sectors that have low 
CO2 emissions but large GVA values.
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Figure 7.2. Emission Intensities, i.e. Ratios of CO2 Emissions to GVA for Selected Sectors and 
the Total UK Average.
Of special interest is the impact that the cost of carbon would have on these industries relative to 
their value added. This can be calculated based upon a minimum or net value, considering the 
indirect CO2 emissions associated with the consumption of electricity, and a maximum value, 
considering the total of direct and indirect emissions, as has been done in a comprehensive study by 
Climate Strategies (2007). Out of 159 UK manufacturing industries considered in their study, the 
most cost-sensitive to carbon pricing were Lime (although only a very small contributor to the UK’s 
GDP), Cement, and Basic Iron and Steel. Refined Petroleum Products followed and its economic 
importance was highlighted by having the largest contribution to GDP. Four other industries, (i.e. 
Aluminium, Other Inorganic Basic Chemicals, Fertilisers and Nitrogen, and Industrial Gases), 
suffered the greatest impact from indirect carbon costs.
In more specific work here. Figure 7.3 presents an analysis assuming a cost of €30/t CO2 . Although 
the potential net and maximum values at stake for Refined Petroleum Products are significant at 2.4 
and 22.1 % respectively, it suggests the other industries, who are smaller contributors to the UK’s 
wealth creation, would suffer proportionately larger economic penalties for their CO2 emissions. 
Indeed, the long term future of Lime in the UK appears vulnerable. Nevertheless, as the cost of
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carbon increases, the UK would see increased threat to the refining industry’s ability to create 
wealth as shown in Figure 7.4.
Refined Petroleum Products Basic Iron and Steel
Figure 7.3. Value at Stake for Selected UK Industries at Carbon Cost of €30/t CO2 in 2006.
Derived from DEFRA, 2007f; ONS, 2007a.
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Figure 7.4. Value at Stake for UK Refining at Different Carbon Costs in 2006.
Derived from DEFRA, 2007f; ONS, 2007a.
Such values at stake are large and potentially affect the wealth creation of the UK. The extent to 
which this would occur depends upon how the industry might be able to respond to such additional 
costs, e.g. by investing in energy efficiency improvement projects that result in financial benefits as 
well as reduced CO2 emissions or by passing on the costs to consumers thus creating the 
opportunity for lower cost imports and leakage of emissions to other parts of the world. These
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issues will be eonsidered in more detail onee the profitability of the refining industry has been 
examined in more detail. Sinee reasonable profits are justified beeause they ean be eonsidered as the 
eost of maintaining and growing the business in an uneertain future, the analysis is important in 
determining the long-term robustness and seeurity of the UK industry in a truly multinational global 
energy business.
7.3 Profitability of Downstream Operations
Downstream operations eomprise the two separate aetivities of refining erude oil and marketing 
petroleum produets. As the result of a well established global market for hydroearbons throughout 
the entire supply chain, there are well defined, but inevitably variable, transfer priees set by 
independent buyers and sellers in the market. Guidanee on value is obtained from eomparing the 
desired use of a produet with its alternative disposition and agreeing a premium or diseount. There 
is no opportunity for the vertieally integrated oil eompanies to distort these transfer priees for 
finaneial gain sinee they are required to deelare the basis of profits generated when submitting 
aecounts of their businesses for taxation purposes.
7.3.1 Oil Refining
Within the refining industry, the profitability of eonverting crude oil into wholesale products is 
indicated by the so-called “refining margin” that can be greatly affeeted by geopolitieal events, 
eeonomic aetivity, $/£ eurreney fluetuations, supply and seasonal demand. (Text Box 7.1 provides a 
definition of the different refining margins commonly used).
Wood Mackenzie (2007) have analysed the eompetitiveness and profitability of 106 individual 
European refineries in 2005 in terms of Net Cash Margin (NCM). Figure 7.5 shows the ranking of 
the nine UK refineries in their European peer group.
127
Chapter  7 -  The Potential Impact o f  the Cost o f  Carbon on the UK Refining Industry
Figure 7.5. Competitive Position in Terms of NCM of UK Refineries in Europe.
Source: Wood Mackenzie, 2007.
No information is provided to identify individual refineries but, for reasons that will become 
apparent shortly, the two former BP refineries at Grangemouth and Coryton are possibly ranked 
lowest of all. Generally, it can be observed that the UK refineries are mid to low performers. In fact, 
taking account of the amounts of erude oil processed, the average UK NCM has been calculated by 
this author to be $4.86/bbl which compares with the corresponding calculated average of countries 
comprising North West Europe (NWE) of $5.96/bbl, i.e. the UK achieves only 82 % of the average 
refining profitability of its European peer group. No analysis has been made of the causes of this 
profitability gap but it is believed to be due to the UK refineries processing more expensive sweet 
light crudes from the North Sea with limited facilities to process the lower cost poorer quality 
crudes that other European countries can handle. Certainly, the situation has not been helped by the 
lack of investment in upgrading projects and maintenance of existing equipment. It is also 
consistent with the earlier findings in Section 3.4 that showed all the UK refineries having a below 
average ranking in terms of energy efficiency and CO2 emissions performance compared to their 
European peer group.
Unfortunately for this study, there is a dearth of NCM data because of commercial confidentiality, 
so use has been made of more readily available target refining margins. BP (2007) have defined 
several such regional margins based on a single crude oil appropriate for that region being 
processed into optimised product yields based on a generic refinery configuration (cracking, 
hydrocracking or coking). The margins are generally determined from the total value of the 
products less the cost of crude oil with all variable costs and fixed energy costs deducted. No
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account is taken of other cash and non-cash costs of refining such as wages and salaries, 
depreciation, taxes and interest charges so it is not as rigorous as NCM as shown in Text Box 7.1.
Historical values are available for the Brent cracking refining margin for NWE -  Rotterdam region 
(excluding energy costs) but, since the UK refining industry is of particular interest, the BP data 
have been reworked to derive a recent historical trend for the UK refineries by taking account of 
their reduced efficiency in generating NCM. The results are shown in Figure 7.6.
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Figure 7.6. Historical Trend over 2000-2006 of the Adjusted Target Brent Cracking Margin 
for UK Refineries.
Derived from BP, 2007; Wood Mackenzie, 2007.
Recognising that the target margin is the difference between two large numbers, of particular note is 
the large variation over the last few years with quarterly values varying from close to zero to more 
than $6/bbl over a period when annual average Brent crude oil prices were initially in the range 
$25-30/bbl before gradually rising to $65/bbl in 2006. Such volatility in margin indicates that in 
addition to crude price effects, the demand for refined products has a strong influence, most 
noticeably with increased demand for transportation fuels and higher margins typically experienced 
during summer compared to winter periods.
Although margins have been high recently, it is possible to imagine that some individual refineries 
might have been operating actual losses over some of the earlier period. This detail will be explored 
further but in the meantime industry profits in 2006 will be estimated for immediate analysis. 2006
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has been selected because it represents a recent time of high, but not record high, crude oil prices, 
during early experience of the EU ETS and for which reliable data are available for fuels marketing.
Extrapolating the NCM data for 2005 by prorating the average target margins for 2005 and 2006 
permits the UK NCM for 2006 to be estimated at $(4.86 / 4.45 x 3.20 )/bbl = $3.49/bbl. Based upon 
75844 kt crude oil with a density of 1192 1/t having been processed (DBERR, 2007), the total UK 
refining industry profit (EBITDA) for 2006 is thus estimated at $1984 M. At $1.85 = £1.00 (EEX, 
2008), this is equivalent to £1073 M. This compares with the GVA of £1873 M for the Manufacture 
of Refined Petroleum Products (ONS, 2007a), which is determined as profits plus the costs of 
labour and capital. Since the ONS data identify £537 M for total employment costs this gives profits 
plus the cost of capital at £(1873 -  537)M = £1336 M, indicating the latter might be £(1336 -  1073) 
= £263 M. Although the ONS data and the estimated profit values are not unreasonable, it is not 
possible to comment further on whether they constitute adequate consistency without additional 
details from ONS, which is not possible for reasons of commercial confidentiality.
7.3.2 Fuels Marketing
Although there are different uses and customers for each of the petroleum products, e.g. domestic 
and industrial customers for gasoline and diesel, airlines for kerosene/jet, shipping companies for 
bunker oils, etc., consideration here will be given just to gasoline or petrol, which is about 23 % by 
weight of the UK’s total petroleum products. Thus, the three important prices that are tracked are 
the crude oil price, the wholesale or spot gasoline price and the pump price less taxes and duty. The 
difference between the spot prices for gasoline and crude oil is indicative of the gross refining 
margin, while that between the pump (less taxes and duty) and spot gasoline prices is indicative of 
the gross retail margin as described in Text Box 7.1. Recent trends of these prices are shown in 
Figure 7.7.
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Figure 7.7. Trends of Brent Crude Oil and UK Petrol Prices during 2006.
Source: Wood Mackenzie OPAL from UKPIA, 2007b.
The breakdown of the different contributors to the petrol pump price is given in Figure 7.8, which 
shows how low is the gross retail margin at 6 %.
Figure 7.8. Contribution to UK Petrol Pump Price during 2006.
Source: Wood Mackenzie OPAL from UKPIA, 2007a.
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Despite the variability in prices during 2006, since 1999 the trend of gross retail margin for petrol 
and diesel combined has been flat at about 5 p/1 (average of 5.62 p/1 in 2006 taking into account 
both the margin and volumes traded) (UKPIA, 2007a). However, this does not represent the profit 
taken by the wholesalers/retailers as their operating costs need to be deducted. Indicative breakeven 
margins (p/1 expressed as ppl) as a function of retail site fuels throughput (million litres per year 
expressed as ml/a) are given in Figure 7.9.
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Figure 7.9. Indicative Breakeven Margins for UK Retail Fuels.
Source: KPMG from UKPIA, 2007a.
Figure 7.9 shows two important features; firstly, the economy of scale that has permitted the 
supermarkets to develop an increased presence in fuels marketing, and secondly, the benefits to be 
obtained from having a convenience store on the site, worth about 1.5 p/1 (expressed as ppl), which 
is how the oil companies and others have had to respond to the business threat from supermarkets.
From data given by DBERR (2007) it is possible to calculate the amounts of fuels sold by the 
different retail organisations in 2006. The results are shown in Table 7.1.
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Table 7.1. Amounts of Petrol and Diesel Sold in the UK in 2006.
SaU
Petrol
ÎS of Fuels 
Diesel
(Gl)
Total
Retail - Supermarkets 9.60 4.71 14.31
Retail - Oil Companies/Others 14.08 9.07 23.15
Direct deliveries to commercial 
customers 0.95 10.46 11.41
Total 24.63 24.24 48.87
Derived from DBERR, 2007.
Using these data, together with information on the numbers of retail sites owned by the different 
organisations (UKPIA, 2007a; UKPIA 2007c) and petrol prices (UKPIA 2007b), it is possible to 
calculate the indicative profit for fuels in 2006. Results are given in Table 7.2.
Table 7.2. Calculation of Indicative Profit for Retail Fuels in the UK in 2006.
Supermarkets Oil Companies/Others
Number of sites 1191
Oil company 3497
Dealers/Independents 4694
Total 8191
Total fuel throughput (Gl) 14.31 23.15
Thus, fuel throughput/site (Ml/site) 12.02 2.83
Indicative breakeven margin (p/I)
Fuel only 2.47 5.08
Fuel + Shop 3.48
Indicative profit based on actual 
average margin of 5.62 p/I (£M)
Fuel only 451 125
Fuel + Shop 495
Derived from DBERR, 2007; UKPIA, 2007a and 2007c; Wood Mackenzie from UKPIA, 2007b.
The indicative profits of the supermarkets on retail fuels alone at £451 M (excluding their normal 
grocery business) are considerable and at the mid-point of the range covering those generated by the 
Oil Companies/Others at £125 - 495 M. Allowing for the oil companies’ profits from direct 
deliveries to commercial consumers of 11.41 G1 at the above fuel only margin gives an additional 
UK fuels indicative profit of £62 M. Thus, the total indicative profit for the UK fuels marketing 
sector in 2006 is calculated to be in the range of £(451 + 125 + 62) M = £638 M to £(451 + 495 + 
62) M = £1008 M.
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7.3.3 Reported Profits
It has not been possible to obtain accurate details concerning the profits of the oil companies’ UK 
downstream operations; however, it is advised that between 2000 -  2004 profits before tax and 
interest charges for the industry were an average of around £350 M/year, i.e. a return on capital 
employed of 4.8 % per annum (Watson and Vandervell, 2006). At an average exchange rate of 
$1.58 = £1.00 (EEX, 2008), this is equivalent to $553 M/year profit. Based on the average crude oil 
processed of 79.14 Mt/year (DBERR, 2007) this is equivalent to $0.93/bbl profit for the total 
downstream operations.
Over the same period, BP reported that its similar UK operations, involving refineries at 
Grangemouth and Coryton, had a total loss of $1970 M (average loss of $394 M/year). The 
subsequent sales of these two refineries, Grangemouth to Ineos in 2005 and Coryton to Petroplus in 
2007, demonstrates how large oil companies can deal with underperforming assets. Thus, the risk of 
simple analysis of average data can disguise the problems (and successes) of different parts of the 
industry. It is interesting to note that if the two BP refineries and their marketing operations are 
removed from the UK total, the profits of the remaining seven refinery and marketing operations are 
indicated to be $947 M/year (compared to $553 M/year for all nine UK refineries with BP 
included). In other words, based on the EU ETS NAP Phase I CO2 emissions allocations, the CO2 
emissions per profit for the dovmstream operations of all the oil companies would be approximately 
halved from 35 to 16 kg C02/$ if BP was excluded. This highlights the potential economic impact 
of reduced emissions from refinery closures due to possible reduced future demand for 
transportation fuels, as will be discussed shortly in this chapter. So, if it is possible there will be 
some refinery closures associated with meeting long term UK Government and EU emissions 
reduction targets, there is merit in ensuring the survival of those refineries with the lowest 
emissions who also contribute the most to the UK economy. One proposal for policymakers to 
consider on how this might be achieved will be presented in Chapter 8.
Since 2006 is of the reference year for this study, a similar profit has been estimated for the total 
downstream operations. Although no primary data are available, the estimates set out in Section
7.3.1 above gave the refining profit as £1073 M, while those in Section 7.3.2 gave the retail profit 
as £638 -  1008 M. Thus, at $1.85 = £1.00 (EEX, 2008) the oil industry profits (EBITDA) have been 
estimated at $3165 -  3850 M (with refining profitability at 52 - 63 % of the total). Based on crude 
oil processed of 75.8 Mt (DBERR, 2007) and an average value for the profits, this is equivalent to
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$6.17/bbl. Such high values for the whole industry (including supermarkets, dealers and 
independent fuels retailers) compared to those for 2000 -  2004 are not unreasonable, due to the 
much improved market and operating conditions. However, they are not necessarily a guide to long 
term future profits.
Clearly, the crude oil price is of critical significance to the UK dovmstream operations when the 
profit margin was $0.93/bbl over 2000 -  2004 and increased to $6.17/bbl in 2006 (a good year 
according to Figure 7.6) with the corresponding Brent crude oil spot prices of $29.01 and 65.14/bbl 
respectively (BP, 2007a). This contrasts with the much larger profits generated by the entirely 
separate upstream operations; in 2006, ExxonMobil reported profits for Upstream at over three 
times those of Dovmstream, as described in Section 5.4.2. It also puts into perspective the limited 
scope for dovmstream operations to generate windfall profits, as discussed in Chapter 6. In fact, the 
inability to maintain a consistent and reasonable profit is the likely reason that BP have recently 
disposed of their entire UK refining capacity.
7.4 Effect of Cost of Carbon
Since there is large scope for discussion relating to the potential impact of the cost of carbon on 
profit margins in dovmstream oil operations, attention will be given in the first instance to the 
selected base case of 2006 then, secondly, to a range of scenarios from which it is possible to 
develop specific cases for estimating future impacts.
7.4.1 Potential Impact on Refining Margin in 2006
2006 direct CO2 emissions for the UK refining industry of 17.64 Mt (DEFRA, 2007a) and estimated 
indirect emissions of 2.10 Mt (DEFRA, 2007a; DEFRA 2007f; DBERR 2007) associated with third 
party generation of imported power have been taken as the basis for examining the potential impact 
of the cost of carbon on refining margin. The sum of these emissions is more appropriate than direct 
emissions alone since it is the significantly larger value, is accurately knovm and is representative 
of consumption based accounting (although the emissions associated with the import of 
hydrocarbon raw materials have not been considered).
The effects on the refining margin of applying carbon cost at the levels of €15, 30 and 45/t CO2 (at 
€1.0 = £0.7 and $1.85 = £1.0) have been evaluated. Such carbon costs would in reality be
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determined by the EU ETS and could fluctuate according to market conditions, as shown in Figure
6.1 in Section 6.4.1. From this figure it can be observed that an active range of €15 -  30/t is 
possible; a higher cost of €45/t has also been included to take account of future policy and actions.
Since the scope of EU ETS options that might be implemented in the future is large, the analysis 
has been performed considering a range of emission allowances given for free and with different 
proportions of carbon cost passed on. Thus, all the phases of the EU ETS described in Chapter 6 are 
covered, e.g. Phase I represented by 90 % of allowances given for free with 10 % purchased on the 
ETS to post-Phase II by 0 % of allowances given for free with 100 % auctioning. Similarly, the 
extent to which industries, such as power generation and refining, pass on the carbon cost is 
included, e.g. 0 % if there is extreme competition to 100 % if there is a monopoly situation, also as 
discussed in Chapter 6.
Using a style developed by the Carbon Trust (2008), the results are presented in Figure 7.10.
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Figure 7.10. Potential Impact of Carbon Cost on Refining Margin in 2006.
For general understanding and interpretation of the figure, if a carbon cost of €15/t CO2 is imposed 
on a refinery with no emission allowances given for free, the NCM is decreased from a base value 
of $3.49 (point A at the intersection of the dashed line with the ordinate) to 2.82/bbl (point B), a 
reduction of 19.2 %. The NCM could then be maintained if the refinery passed on all of the carbon
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cost by increasing prices by 0.92 % (point C). However, if 90 % of the allowances were given for 
free, the NCM ranges from $3.42/bbl (point D), a reduction of 1.9 %, to $4.1/bbl (point E), an 
increase of 17 %, depending on whether the refinery passes on none or all of the carbon cost with an 
ultimate price increase of 0.92 %.
It can thus be seen that, depending upon the percentage of emission allowances given for fiee and 
the proportion of carbon cost passed on, the oil companies could experience a range of economic 
fortunes from loss through breakeven to profit. To highlight the magnitude of such outcomes. Table
7.3 derived from Figure 7.10 describes “reasonable” and “more aggressive” scenarios under which 
the EU ETS might have operated in 2006. (In fact, the actual operation was close to the 
“reasonable” scenario before the collapse in carbon cost occurred as described in Section 6.4.1).
Table 7.3. Selected Cases for the Impact of Carbon Cost on Refining Margin in 2006.
EU ETS operation
Carbon c o s t  
(€/t CO2 )
A llow ances  
given  for free 
(%)
Carbon c o s t  
p a ssed  on  
(%)
All product 
price Increase 
{%)
C hange In Net 
C ash Margin 
(%)
C ase Number 
for
Identification
15 90 0 0 -1.9 1
15 90 1 0 0.092 0 11
"Reasonable" 15 90 1 0 0 0.92 17 III
30 0 0 0 -39 IV
"More aggressive" 30 0 1 0 0 1 . 8 0 V
Thus, referring to Table 7.3, under Phase 1 of the EU ETS, with 90 % of the emission allowances 
given for free and a carbon cost of €15/t CO2 , if the oil companies had not increased their product 
prices or had reduced their operating costs, for instance by increased energy efficiency, their NCM 
would have decreased by 1.9 % (point 1 that is identical to point D on Figure 7.10). Alternatively, 
prices could have been increased by relatively small amounts (much less than 1 %) to achieve any 
value between breakeven and an increase of 17 % in NCM (points 11 and 111 respectively, with point 
111 identical to point E). Selecting a more aggressive operation of the EU ETS, with no free 
allowances and a carbon cost of €30/t CO2 , could have resulted in a large profitability debit of 39 % 
(point IV), or breakeven if prices had been increased by a modest amount of 1.8 % (point V). 
Unfortunately, it is not possible to determine how the oil companies specifically responded to the 
effects of the EU ETS separately from other market forces, but anecdotal information suggests the 
cost of carbon was treated just as another cost of doing business, i.e. an additional operating cost.
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7.4.2 Potential Impact on Selling Price of Gasoline in 2006
Total UK refining industry direct and indirect CO2 emissions allocated to the production of gasoline 
have been taken to be 290 kg COi/t, based on the average value of direct CO2 emissions for 
Refineries A and B at 275 kg/t with an additional 5 % included for indirect emissions (see Section 
4.3.1). The effects of applying carbon costs of €15, 30 and 45/t CO2 (at €1.0 = £0.7) have been 
determined for 2006 using the retail profit margin and gasoline selling price data of Wood 
Mackenzie (2007). The indicative breakeven margins depend upon the type of retail site, and 
therefore the three examples are covered separately in Figures 7.11 to 7.13.
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Figure 7.11. Potential Impact of Carbon Cost on Supermarkets’ Margin for Petrol (Fuel 
Only) in 2006.
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Figure 7.12. Potential Impact of Carbon Cost on Oil Companies’/Others’ Margin for Petrol 
(Fuel Only) in 2006.
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Figure 7.13. Potential Impact of Carbon Cost on Oil Companies/Others Margin for Petrol 
(Fuel + Shop) in 2006.
Again, “reasonable” (i.e. €15/t CO2 , 90 % allowances given for free, 10 % carbon cost passed on) 
and “more aggressive” (i.e. €30/t CO2 , 0 % allowances given for free, 100 % carbon cost passed on)
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EU ETS operation cases to give no change in retail profit margin have been defined for illustrative 
purposes; they would have resulted in petrol price increases of 0.021 and 0.43 p/1 respectively. To 
put the magnitude of the latter in perspective, Figure 7.14 shows the contributions of the different 
components to the selling price of petrol that averaged 92.1 p/1 in 2006.
100.0
90.0
80.0
70.0
•Ç 60.0
m 50.0
= 40.0 
S
30.0
20.0
10.0
0.0
Crude Oil Refinery Margin Retail Margin Excise Duty C02 Cost Value Added Tax
Figure 7.14. Contribution of Breakeven More Aggressive” Case of Impact of Carbon Cost to 
Selling Price of Petrol in 2006.
Derived from Wood Mackenzie OPAL from UKPIA, 2007b.
It can be seen that although the cost of crude oil was significant, the custom and excise duty and 
value added tax components together comprised 66 % of the petrol selling price, so the additional 
cost of carbon to the consumer would have been relatively small at less than 0.5 %. However, the 
potential impact on the indicative retail profit margin is much larger as shown in Table 7.4.
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Table 7.4. “More Aggressive” Case of Impact of Carbon Cost on Indicative Retail Profit 
Margin for Petrol in 2006.
Supermarkets Oil Companies/Others
Indicative profit margin based on
actual average margin of 5.62 p/I
Fuel only 3.15 0.54
Fuel + Shop 2.14
"More aggressive" CO2  cost as %
of profit margin
Fuel only 13.6 79.6
Fuel + Shop 20.0
How the different parties would have responded to this situation is very difficult to predict, 
particularly since there was a substantial import of petrol into the UK with embedded carbon that 
might not carry a carbon cost depending upon its country of origin. Figure 7.15 presents the 2006 
volume balance (in Giga litres) for petrol in the UK showing this feature. Since the supermarkets do 
not own or operate any refineries, they are able to purchase petrol from any source so such a 
situation would have presented the supermarkets with an opportunity to increase the imports of any 
lower priced petrol and to seek additional market share.
Imports
5 .12
Refineries
2 8 .9 8 Petrol
Figure 7.15. UK Volume Balance for Petrol in 2006.
Derived from DBERR, 2007.
Oil Companies/Others
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7.4.3 Potential Impact on Future Refining Margin
Because there can be much variability in the price of crude oil and operating expenses, a range of 
scenarios as described in Table 7.5 has been selected for analysis. Since there is considerable 
uncertainty about the future, the scenarios have been selected for their relevance to recent 
experience, i.e. the last five years, and with the intent of covering low, medium and high values to 
permit both interpolation and extrapolation over a large range of future possibilities.
At the time of writing (summer 2008), the price of crude oil has risen to record levels, almost to 
$150/bbl, so an extra scenario at a “high high” crude oil price of $200/bbl has also been included.
Table 7.5. Selected Scenarios for Carbon Cost Analysis.
Net Ca 
1
sh Margin 
4
($/bbl)
7
32.5 X
Crude 
Oil 65 X X X
Price
($/bbl) 130 X
200 X
Results for the different scenarios are presented in Figures 7.16 to 7.21.
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Figure 7.16. Impact of Carbon Cost on NCM of Sl/bbl and Crude Oil Price of $65/bbl.
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Figure 7.17. Impact of Carbon Cost on NCM of $4/bbl and Crude Oil Price of S65/bbl.
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Figure 7.18. Impact of Carbon Cost on NCM of $7/bbl and Crude Oil Price of $65/bbl.
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Figure 7.19. Impact of Carbon Cost on NCM of $4/bbl and Crude Oil Price of $32.5/bbl.
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Figure 7.20. Impact of Carbon Cost on NCM of $4/bbl and Crude Oil Price of $130/bbl.
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Figure 7.21. Impact of Carbon Cost on NCM of $4/bbl and Crude Oil Price of $200/bbI.
To summarise these results, two examples have been taken for a selected carbon cost of €30/t CO2 
with 0 % carbon cost passed on and 0 % emissions allowances given for free. For the first example, 
at a constant crude oil price of $65/bbl. Table 7.6 illustrates the impact of the cost of carbon on 
NCM (identified as points A on the relevant figures) and the required average price rise of all 
refined products to recover the lost margin (points B on the figures.
Table 7.6. Impact of the Cost of Carbon on Refining NCM at Different NCM Values.
$65/bbl Crude Oil Price Refining NCM ($/bbl)
1 4 7
Revised NCM ($/bbl) -0.35 2.65 5.65
(% change) -135 -34 -19
A1 A2 A3
Required product price rise for 1.90 1.82 1.75
constant NCM ( %) B1 B2 B3
The second example, shown in Table 7.7, illustrates how the magnitude of the required product 
price rise changes with the crude oil price, at a constant NCM of $4/bbl. The cases have been 
identified as points C on the relevant figures.
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Table 7.7. Impact of the Cost of Carbon on Refining NCM at Different Crude Oil Prices.
$4/bbl Refining NCM Crude Oil Price ($/bbI
32.5 65 130 200
Required product price rise for 3.3 1.8 0.97 0.65
constant NCM ( %) Cl C2 C3 C4
Thus, for the scenarios considered, it can be observed that although the cost of carbon has a large 
impact on NCM, only a small rise in products prices is necessary to recover the lost margin. 
However, the ability of individual refineries to do this is very much dependant upon the 
competitiveness of the industry, as discussed later in this chapter.
7.4.4 Potential Impact on Selling Price of Gasoline in the Future
In view of similar uncertainties as those relating to refining margins, several scenarios have been 
selected for assessing the potential impact of the cost of carbon on retail profit margins and the 
selling price of gasoline. The range of profit margins covers low, medium and high values at a 
nominal gasoline price to permit both interpolation and extrapolation over a range of possibilities. 
At the time of writing (summer 2008), the price of petrol has risen to record levels, in excess of 120 
p/1, so an extra scenario at a high gasoline price of 150 p/1 has also been included. The results are 
presented in Figures 7.22 to 7.25.
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Figure 7.22. Impact of Carbon Cost on RPM of 1 p/1 and Petrol Price of 100 p/1.
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Figure 7.23. Impact of Carbon Cost on RPM of 3 p/1 and Petrol Price of 100 p/1.
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Figure 7.24. Impact of Carbon Cost on RPM of 5 p/1 and Petrol Price of 100 p/1.
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Figure 7.25. Impact of Carbon Cost on RPM of 3 p/1 and Petrol Price of 150 p/1.
To summarise these results, two examples have been taken for a selected carbon cost of €30/t CO2 
with 0 % carbon cost passed on and 0 % emissions allowances given for free. For the first example, 
at a petrol price of 100 p/1, the cost of carbon would cause reductions of 45, 15 and 9 % in RPMs of 
1,3, and 5 p/1 respectively (identified as points D on the relevant figures) that would require a price 
increase of 0.45 % to recover the lost margin (points E on the figures).
Similarly, for a second example, at a RPM of 3 p/1, price rises of 0.45 % (point F on Figure 7.23) 
and 0.30 % (point G on Figure 7.25) would be required to recover the cost of carbon on petrol 
prices of 100 and 150 p/1 respectively.
Thus, for the scenarios considered, it can be observed that although the cost of carbon has a large 
impact on RPM, only a small rise in product prices is necessary to recover the lost margin. This is 
because of the large contributions of excise duty and value added tax, and crude oil cost, to the price 
of petrol. However, the ability of individual oil companies to pass even small additional costs on to 
consumers is very much dependant upon the competitiveness of the retail fuels business, and in 
particular the actions of the supermarkets, as discussed next.
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7.5 Complementary Issues of Importance
Apart from the described impacts on refining and marketing profitabilities, any assessment of the 
cost of carbon as an economic instrument for promoting reductions in CO2 emissions in the UK 
refining industry should also consider a range of other important issues. These include its effect on 
competitiveness; factors influencing the supply of, and demand for, refined petroleum products; 
future environmental concerns; and the general 'well-being of the industry. All are important in 
terms of understanding how the industry might be affected by, and respond to, the imposition of a 
more effective cost of carbon.
7.5.1 Competitiveness
One particularly important issue is the impact of the cost of carbon on the competitiveness of the 
UK industry compared to those in other EU and non-EU countries. But, what is competitiveness, 
since a range of measures could be expressed in terms of costs, market share and output, 
profitability, and return on capital employed? Since balance of payment data is most readily 
available for the individual sectors of most countries, competitiveness is usually described by a 
trading measure. On this basis, if the industry in foreign countries were to have lower, or no, such 
carbon costs then there is the likelihood of increased imports of petroleum products that would 
cause an ultimate decline in indigenous production and leakage of CO2 emissions from the UK to 
other parts of the world.
Climate Strategies (2007) have defined two separate UK “Trade Intensities”, one from the EU and 
the other from non-EU regions, as:
Regional Trade Intensity (%)
Value o f Exports to the Region (£) + Value o f Imports from the Region (£)
Annual Turnover (£) + Value o f Imports from EU (£) + Value o f Imports from non-EU (£)
X 100%
Their argument, also supported by the Carbon Trust (2008), is that if there is a combination of high 
gross value at stake together with high trade intensity then the industry would suffer a loss of 
competitiveness. This is not unreasonable, since if an industry were to increase product prices as a 
result of additional costs of carbon, and the UK already experienced significant foreign imports, 
then extra imports with lower (or no) carbon costs would be expected. In addition, with a large
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volume of trade data being available (ONS, 2007b), these econometrics are attractive to use for 
screening a large number of industries for possible vulnerability. The estimates for Refined 
Petroleum Products based on the most recent data available are shown in Table 7.8.
Table 7.8. Value at Stake for Refined Petroleum Products at a Carbon Cost of €30/t CÔ2 vs. 
Trade Intensity in 2006.
UK Trade with Trade Intensity %
Vaiue at 
Minimum
Stake % 
Maximum
EU 31.9
2.35 22.1Non-EU 19.0
Derived from DEFRA, 2007f; ONS, 2007a; ONS, 2007b.
Although no similar detailed comparison has been made with other industries, this stand alone 
analysis suggests Refined Petroleum Products is somewhat vulnerable to competition. Support for 
this view is also provided by Climate Strategies (2007) who have evaluated the sector as the third 
most exposed sector after Cement and Basic Iron and Steel, fiom 2004 data and on a different cost 
basis.
However, there are some concerns about the reliability of the trade data and also the robustness of 
the trade intensity measure. For instance, whereas high levels of current international trade indicate 
the likelihood of increased imports if there were additional costs associated with indigenous 
production, it does not follow that the opposite is true. Low levels indicate some infrastructure and 
organisation is in place that could permit future increases in imports with relative ease. In addition, 
competitiveness expressed in other terms, such as return on capital employed or attractiveness for 
future investment, might be adversely affected by a carbon tax despite low levels of trade. As a 
consequence, greater emphasis has generally been given to the “value at stake” measure, although 
this is not perfect since, in the absence of the costs of labour and capital, it does not properly 
account for profitability.
Complementary data on the mass rates of trade flows with imports and exports expressed as 
proportions of production are presented in Table 7.9.
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Table 7.9. Trade Flows of Refined Petroleum Products in 2006.
P rod u ct P rod u ction  (kt) Im ports (%) E xp orts (%)
Liquified petroleum g a s 2383 34 .4 48.1
Other g a s e s 2 8 6 2 0.0 0.0
Naphtha 2734 73 .3 107.0
Aviation spirit 25 64 .0 12.0
Motor spirit 21 4 4 3 17.7 32 .6
White spirit & SB P 107 76 .6 1.9
Aviation turbine fuel 6261 127.5 15.9
Burning oil 3374 19.9 9.3
G as/D iesel Oil 2 6080 30 .9 22 .3
Fuel oils 12277 10.8 68.2
Lubricants 617 81 .8 65 .0
Bitumen 1749 23.1 35 .9
Petroleum w ax 16 4 8 1 .3 243 .8
Petroleum coke 1964 44 .2 28 .5
M iscellaneous products , 1189 16.8 67 .4
Total 83081 32 .3 34 .9
Derived from DBERR, 2007.
With an established trade in products, the price of transport becomes important relative to product 
prices and the cost of carbon. From Table 7.10 it can be.seen that, although transport costs for 
gasoline are dependant upon the port of loading, they are similar to/greater than associated CO2 
costs but are still very small compared to the spot market price. This helps to explain the large 
global trade and also suggests that imported gasoline could have some potential to displace 
indigenous production.
Table 7.10. Comparison of Transport and Other Costs for Gasoline in January 2008.
$/t Gasoline
CO2 cost at €30/t and 275 kg C0 2 /t gasoline (1) (3) 11.9
Clean tanker rates to UK from:
Red Sea 35 kt 27.5
65 kt 38.1
Black Sea 30 kt 23.9
Mediteranean Sea 30 kt 16.7
55 kt 15.3
UK coast 22 kt 11.3
60 kt 8.3
Spot price of gasoline at 30 p/1 (2) (3) 821
(1) CO2 costs consistent with those described in Section 8.4.
(2) Gasoline density taken at 1361 1/t.
(3) €1.0 = £0.72, $2.01 =£1.0.
Derived from: Platts, 2008; UKPIA, 2008; x-rates, 2008.
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It has also been argued by Climate Strategies (2007) that the competitiveness of the UK Refined 
Petroleum Products manufacturing industry is unlikely to be affected significantly because the 
refineries are located close to demand (with several factors mitigating against relocation to crude oil 
exporting countries). In addition, there is only a limited trade of refined products (principally 
gasoline exported to the US and diesel imported fi-om the former Soviet Union; both with 
significant product quality specification issues). Finally, there is unlikely to be any new or large 
scale expansion of refining capacity in the foreseeable future. Whilst discussing the allocation of 
CO2 emission allowances in the EU ETS, Climate Strategies concluded:
“Thus we think that the refining sector, despite a high value at stake, is unlikely to exhibit 
significant leakage in the near-term (or re-location o f production) irrespective o f  the allocation 
decision. ”
A similar view was expressed by the Carbon Trust (2008):
“ despite its relatively high carbon cost relative to value-added, the refining sector in the EU
overall is unlikely to see significant leakage or loss o f competitiveness due to the EU ETS. ”
Qualified optimism has also been expressed by McKinsey and Ecofys (2006):
“On average, refinery margins are likely to benefit from the CO2 emissions trading, i f  95 % o f the 
CO2 costs can be covered by free allowances and at least a quarter o f the cost increase can be
passed through to customers At significantly lower levels o f free allowances (i.e. below 80 %),
refinery margins might come under pressure. ”
A more rigorous analysis by Reinaud (2005) discusses the competitiveness impacts of the EU ETS 
on the European refining industry in terms of refinery margin. She concludes the industry is a price- 
taker on crude oil and some refinery product markets (where global markets and trading 
mechanisms set prices), but European refineries might be price-makers in aviation gasoline, motor 
gasoline and fuel oil (where several European countries are supplied entirely by European 
refineries). There is thus the possibility to pass on some or all of the CO2 cost to consumers that 
could result in increased margins for the industry.
However, it is difficult to draw the same sanguine conclusions as these authors based on the results 
of this study of the multinational oil companies’ operations. Section 5.4 has already highlighted the 
low profitability of Downstream compared to Upstream, which is a possible explanation for why 
energy efficiency improvement cost savings have not been adequately progressed in the UK. This 
chapter has now shown the large variability in Refining NCM and the pressure that the
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supermarkets exert on petrol prices in Retail. Although there is a range of scenarios to evaluate the 
impact of the cost of carbon, it is clear from the analysis performed here that an effectively operated 
EU ETS, delivering a meaningful cost of carbon, will have a significant/substantial impact on 
Downstream profitability. The extent to which this can be offset depends upon the availability of 
additional funds for investment in energy efficiency improvement/CO2 emissions reduction 
schemes (with less then available for Upstream to meet the demand for crude oil and natural gas), 
and the ability to pass on the cost of carbon to consumers (that is subject to the competitiveness of 
the UK industry). Although the latter has been considered by these authors, their studies ignore 
important issues and developments that have occurred in the UK industry over the last few years.
Firstly, the actions of BP in selling its refineries at Grangemouth and Coryton, as described earlier, 
demonstrate that major oil companies will restructure their global businesses and even pull out of 
specific countries if they judge it appropriate. Indeed, prior to these events, the UK has also 
witnessed the complete closure of refineries, e.g. Shell in Essex and Esso at Milford Haven, so it is 
to be expected that generally the oil majors will respond sooner, rather than later, to discard poorly 
performing local assets at the national level in order to preserve the overall performance of their 
regional and global businesses. Hence the particular interest the oil companies have in 
benchmarking their refineries by NCM as shown previously in Figure 7.5.
Secondly, there has been the dramatic effect on the structure of the UK fuels retail market resulting 
from the increased competition of the supermarkets. These organisations, without the need to 
operate refineries, are able to buy petrol and diesel on the open market at the lowest prices. Since 
new, large petrol stations have been built adjacent to their existing retail sites, they have quickly 
applied their commercial skills with a ready access to large numbers of customers, as described 
earlier. As can be seen from Figure 7.26, despite there having been a significant decline in the total 
sales of petrol, the market share of the supermarkets has increased considerably at the expense of 
the oil companies and dealers/independent retailers. There has also been a similar growth in the 
supermarket share of diesel sales, but in this case the total sales have increased over the years, such 
has been the extent of the recent switchover from petrol to diesel engine cars. This trend is shown in 
Figure 7.27.
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Figure 7.26. Trend of Petrol Sales.
Derived from DTI, 2004; DBERR, 2007.
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Figure 7.27. Trend of Diesel Sales.
Derived from DTI, 2004; DBERR, 2007.
In fact, in 2006 the supermarkets have ownership of 13 % of all retail sites and have achieved 38 % 
of fuel sales. With a well established UK pipeline and distribution infrastrueture, they have the 
ability to choose from where they buy their fuels, either from UK refineries or from EU and non- 
EU refineries via imports. The extent to whieh imports of petrol have contributed to the total 
amount consumed, despite a UK surplus of petrol which is exported, together with the growth in 
supermarket share, is shown in Figure 7.28.
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Figure 7.28. Trend of Imports and Supermarkets’ Share as % of Total Petrol Consumed.
Derived from DTI, 2004; DBERR, 2007.
This graph is interesting because it highlights two points. Firstly, the peaks in imports separated by 
five years show the impact of planned maintenance work on a large FCCU at a large refinery, i.e. 
the ExxonMobil Fawley Refinery (ExxonMobil, 2006), that has required imports to satisfy the oil 
company’s retail commitments. Secondly, the growth in the supermarkets’ demand for petrol, 
which has been satisfied by purchases of both imported stocks and some of the excess production 
from the oil companies following the continued rationalisation of retail sites and changes in 
consumer demand described earlier.
Thus, with imports running at 10 -  20 % of total petrol consumed and the presence of multiple 
suppliers, not all owners/operators of UK refineries, there is already a highly competitive retail 
petrol market in the UK. In this situation, if non-UK refineries were able to supply petrol at a 
reduced price, due for instance to lower (or no) cost of carbon, then the supermarkets could very 
effectively capture more market share at the expense of the UK refining industry. Although this 
would generally benefit the consumer in the short term, it would ultimately result in loss of energy 
security, a poorer balance of trade and leakage of CO2 emissions, all with possible long term 
adverse effects.
Although this focus has been on the threat of the supermarkets, it should also be noted that UK 
refineries are also vulnerable to competition from EU and non-EU refineries, not just generally but
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including those from within the same multinational oil company of which they are a part. It is very 
much the case that oil companies now conduct their businesses on a regional and global basis with 
transfers of intermediate and final products optimised according to particular supply and demand 
needs. Thus, any differences in the application of the EU ETS, e.g. in setting and allocating 
allowances and the cost of carbon, would influence the operation and financial performance of 
specific UK refineries. In a situation of poor refining margins, for instance due to declining demand 
for transportation fuels, this could result in a major shift of interest, including discretionary 
investment, away from the UK or Europe to other regions of the large multinational’s operations 
with possible social and economic concerns in those countries affected.
Finally, one other concern about a large supplier operating without its own production facilities was 
made evident in March 2007 in the south of England when a large batch of supermarket petrol was 
found to be contaminated by silicon. This caused widespread damage to the combustion sensors of 
engine management systems that resulted in many motorists being unable to use their cars until 
replacement sensors had been fitted. Such an incident highlights the importanee of rigorous product 
quality management procedures, with one refinery advising that they tend to impose restrictions on 
the use of contaminated or recycled components (ExxonMobil, 2007d).
7.5.2 Leakage
Emissions "leakage" describes the situation in which actions taken to reduce emissions in the UK or 
EU lead to increased emissions in other regions, and is a particular concern if, as currently, there is 
no international agreement to limit GHG emissions as discussed in Section 6.8.
A loss of competitiveness of the UK refining industry could lead to increased imports of refined 
products and a corresponding reduction in indigenous production. As a result, there would be a 
transfer of emissions from the UK to the exporting country, i.e. a direct leakage of emissions. This 
situation could be aggravated if the exporting country operated a simple hydroskimming (i.e. crude 
oil separation and product treatment) refinery rather than the typical complex conversion refinery in 
the UK, leading to excess production of residual fuel oil. The consequence then would be a decline 
in the price of this fuel relative to other more costly but lower carbon content fuels, e.g. natural gas, 
resulting in additional imports and emissions, i.e. an additional indirect leakage of emissions.
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Thus, any loss of competitiveness of the UK refining industry may not just be detrimental for the 
UK economy but also for global warming, the targeted problem being addressed.
7.5.3 Supply and Demand
As is evident from Figures 7.26 and 7.27, the total sales of petrol and diesel in the UK have been 
essentially flat for several years (annual increase of 0.56 %). This has occurred despite several 
important trends taking place, including the shift from petrol to diesel engine vehicles, increased 
use of cars for personal transport and the implementation of improved vehicle technologies. It is 
against such a background that the possible future supply and demand of these transportation fuels 
will now be considered.
In a study commissioned by the DTI (now DBERR), Wood Mackenzie (2007) concluded that the 
UK refineries need to adapt to falling demand for petrol and growing demand for jet and diesel/gas 
oil at the same time as the US market for exports of petrol is declining and continental Europe is 
competing with the UK for imports of jet and diesel/gas oil. Figure 7.29 provides details of the 
historical and forecast changes. The problem is exacerbated by falling North Sea production that 
will require the refineries to invest, or process either poorer quality or more expensive crude oil, 
whilst they face the challenge of improving their competitiveness in order to attract discretionary 
investment and tackle the demographics of an ageing workforce and fewer numbers of talented 
potential recruits (Section 5.4.3 describes the human resource constraints facing the industry). 
Ideally, major investments should be made in hydrocracking (to increase diesel production), residue 
conversion (to reduce or eliminate fuel oil) and hydrofining (to reduce product sulphur levels).
Wood Mackenzie’s prediction through to 2020 is for refinery margins to weaken by as much as 40 
% in both the UK and NWE. However, the net economic benefit of refining to the UK (estimated at 
£2.3 G in 2005) is expected to continue, albeit at a reduced level, confirming the advantage of 
indigenous production over imports of refined products.
Similar views have also been expressed by CONGA WE (2007a) and Watson and Vandervell (2006) 
for UKPIA, organisations within which the UK oil companies are directly represented.
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Figure 7.29. Historical and Forecast Product Demand (EU-25 + 2).
Source: Wood Mackenzie from CONCAWE, 2007.
Based on 22 % of UK CO] emissions in 2005 coming from road transport, the potential for 
reducing emissions, particularly from cars at 13 %, has also recently been examined (King, 2007). 
In terms of technical feasibility, it has been determined that average new car emissions per 
kilometre driven could be reduced by 30 % within 10 years (by continued growth in numbers of 
diesel relative to petrol engine cars, use of biofuels and enhanced customer choice); by 50 % before 
2030 (by advances and cost reductions in hybrid and battery technologies, use of biofuels and 
supportive customer choice); and by 90 % before 2050 (by developments in batteries and/or 
hydrogen technology with fuel cells and provision of zero-carbon electricity source). Even allowing 
for increased use of cars, an 80 % reduction is considered feasible relative to 2000: Eddington 
(2006) defines an increase in vehicle kilometres of 28 % between 2003 and 2025, and this value is 
anticipated to double by 2050.
However, the obstacles to achieving these goals are formidable, as recognised in a second part of 
the review by King (2008) that identified 40 policy recommendations covering fiscal policy, 
regulation, public procurement, research and development support, public transport policy and 
wider government policy. Obvious difficulties relating to a ear that may be designed, manufactured, 
sold and driven on fuels produced in many different countries, together with recent concerns about
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the real benefits of biofuels, all support the need for a considered international approach in 
developing policy to obtain the desired environmental benefits in a cost effective manner.
In their response to the King (2007) review, Watson and Vandervall (2007) described work with the 
Markal model used for the 2007 Energy White Paper that showed a fairly flat demand for petrol and 
diesel up to 2020, followed by a 55 % reduction below 2000 by 2050 commensurate with reduced 
overall energy requirements for road transport and increased use of biofuels, electricity, compressed 
natural gas and hydrogen. Such a long term prospect will have a fundamental impact on the 
capacity and structure of the UK refining industry.
At the time of writing (summer 2008), both the price of crude oil (in excess of $120/bbl) and that of 
petrol at the pump (in excess of 115 p/1) are at record levels. In addition, the UK Government is 
introducing new levels of road fund tax that reflect the CO] emissions of vehicles. The combined 
effects of these extra costs of driving have still to be observed but they are expected to reduce the 
demand for transport fuels, at least petrol, and make vehicles using alternative forms of energy 
more attractive.
The oil companies are well aware of these longer term threats to their businesses and are already 
seeking opportunities to contribute to reducing CO] emissions, not just in the well-to-tank but also 
in the tank-to-wheels parts of the overall well-to-tank pathway. For example, ExxonMobil (2007c) 
is developing an on-board vehicle liquid fuel reformer for hydrogen production to supply fuel cells. 
Although CO] would be emitted by the reformer, the fuel cell is more fuel efficient than the internal 
combustion engine so there would be net benefits without the need for, and risks of, a dedicated 
hydrogen storage and distribution system. Others have raised additional and fundamental concerns 
about the prospect of a hydrogen economy created to feed fuel cells for electric powered road 
transport. In fact, Bossel (2006) asks if it makes any sense at all since electricity to drive vehicles 
that has been obtained from on-board fuel cells using stored hydrogen as fuel produced in large 
industrial facilities via electrolysis of water, high temperature thermodynamics or chemistry seems 
to be four times as expensive as electricity drawn directly from the national grid that could be stored 
in vehicle batteries. Perhaps to hedge their bets, ExxonMobil has also developed new film 
technologies for lithium-ion batteries with the potential to improve the energy efficiency and 
affordability of the next generation hybrid and electric vehicles (ExxonMobil, 2007e).
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These visions of the future highlight major changes and uncertainties in the demand for 
hydrocarbon products made from crude oil. With this in mind, it does not seem appropriate here to 
investigate the normal demand and supply elasticity effects on petrol, diesel and other refinery 
products (as done for instance by the Carbon Trust (2008) in their examination of the EU cement 
and steel industries), apart from noting that the typical short-run and long-run price elasticities of 
demand for gasoline in Europe of -0.15 and -1.24 respectively (Royal Society, 2002) require revie’w 
and updating for more meaningful study.
7.5.4 Environmental
Imposing a cost on CO] emissions is an additional administrative and financial burden on refineries 
at a time when they are also applying for “environmental permits” to continue operating according 
to the UK’s Pollution Prevention and Control Regulations 2000 (DEFRA, 2005c). These latest 
requirements introduce a more integrated approach to controlling pollution from industrial sources 
to protect the environment as a whole by preventing or reducing emissions to air, water and land by 
imposing permit conditions based on best available techniques.
For refineries, examples of forthcoming environmental improvements include SO] abatement (e.g. 
switching from fuel oil to fuel gas at steam plant boilers, use of SO] transfer catalysts on the FCCU) 
as well as stringent requirements on oil in water emissions, and reductions in noise and odour.
It is thus appropriate to be aware of the cost of carbon as an additional environmental compliance 
cost, but with the particularly distinguishing feature that many of the CO] emissions reduction 
options identified earlier have significant positive returns that would make them attractive as profit 
improvement projects.
7.6 SWOT Analysis
A SWOT analysis has been performed on the UK refining industry in order to gain improved 
understanding of its general ability to meet the uncertain future. The results are presented in Table 
7.11.
On balance, the weaknesses and threats seem to be more numerous and more substantial than the 
strengths and opportunities, particularly when considering the longer term. Generally, the UK
1 6 0
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refineries are not high performers compareid to their European peers and, although they have a well 
established track record of making net positive contributions to the UK economy, there is the 
probability of further rationalisation within the industry if real progress is made towards low carbon 
road transport. (Currently, the latter seems very challenging, not least because of the need for low 
carbon electricity). In addition, although the presence of the supermarkets ensures a highly 
competitive retail market giving good value to consumers, a continuing growth in supermarket 
share gives concerns about long term energy security and product quality reliability. However, there 
are considerable opportunities for improvement of the self-help variety; in the short term by 
tackling reliability issues and increasing efficiencies in hydrocarbon utilisation and energy 
consumption, and in the long term by developing new technologies with the chemicals and car 
manufacturing industries. Thus, the immediate challenge is to seek ways in which the cost of carbon 
can be used as an additional incentive to improve the profitability and competitiveness of the UK 
refining industry.
161
%■§sw
î
I
I
Phg
o
I
H
I
(U .
<+-t .22
11!
(Dp-p ü
a -po p
a p4-1P 42
P
% >
D (U
Ü 3
p
• ÿ .2
1 ga <L)
.2
A -g.B p
3 %
<Uü
i
«fcl ^
ë t
J
0)
| i |S -a c'g 5
g
il
litîo tü
si
fi
,o
i
I,
il
ai %  ^g a
(U (U;§ gl':
B
II
•s ftII
P
i l
ili t
-a g
I!
SIo <u Æ >
% g
ll
<u ^
Ii _
litmI Io
1 1i!
Ift
0
1
i
îi11Is
■a °
III
II
II
b d«r o
S 'â
II
g :'g 8b c5G
c3 -a g g
I
îî
-II
c/3
*o ^
S g
II
<u
îi
§ g'
i!T3 bû
;{§ üg|
O <L> 8-1
g
i
gI
oI
I
ï î(/] ^
II 
II
1!
i
j i
Îîi
ili
.s ' '' 
gI
IIsiffil
I ü 
o
1 1 1
ê
o
i
I
P i
i | |
IIIf li
P i
i | |
il! 
i rI
î
cdJtll
en C3
II
ü O
II
+5 P h
(U-g g
I2.2 3
|i
o  P<r--s|
II
^  T3ë g
M h-)
&.S
!t
IilII
il
I!
I|ë
j î |j ■- ^HO
“ g
IIIbû > o
G ^
(D O
cd % gP-P Ph 2 gm
o bX)
5  p ^
IP
.2 e oIII
g
M E
§ -2 
! l11S' g! o
'il
■i I 
I i
If
bû%
%I
I I&g
II
T3
I
I I
g &
Ch th
II
;p Æ
ffi
II
IIil
11
II
II
:|
Î
Id
è i
i iI
PQ %
IIaPhg
I
g 
f s
!»cS ü
!îII
en en
î l
1
P
t
-I
I
t
2 -g
P (d 
1  %’I
I
O
&|
CL
I
S &
p gg ^
II
112 %
I!
S S
I â
I
'P hP
g'i
I I I
fil
III
ill
II
§1
p
I pi  g <D
Iîi
i lOp.
8 PO
1)
(2 i
co
P h o
T3
2
p
.2 2
. 2C3
2p pobJDp
îii t
III I
g  s
l lo -p
■SI
II
Chapter  7 -  The Potential Impact o f  the Cost o f  Carbon on the UK Refining Industry
7.7 Conclusions
It is concluded that:
1. Although not as substantial as the power generating industry, the refining industry makes 
relatively large contributions to both the UK’s economy (in terms of G VA) and the country’s 
CO] emissions. In fact, the refining industry has kg CO] emissions/f GYA that are about one 
quarter of those of the power generating industry but 15 times those of the whole UK economy.
2. Compared to its European peer group, the UK refining industry is a mid to low performer, 
achieving only 82 % of the average refining NCM. This is consistent with the industry having 
below average ranking in terms of energy efficiency and CO] emissions performance.
3. The general consensus to date has been that despite some exposure to imports, the UK refining 
industry is unlikely to suffer any loss of competitiveness or be associated with any significant 
leakage of CO] emissions due to the EU ETS. This study is less sanguine regarding UK refining 
industry prospects and has identified concerns about current significant levels of EU and non- 
EU trade in refined products; the relatively low cost of tanker transport to support this trade; the 
potential for carbon leakage; the below average profitability of UK refineries compared to those 
in Europe; and the highly competitive position of the UK supermarkets who retail large volumes 
of road fuels at low margins without the need to own and operate any refineries. All these 
factors suggest that it would be difficult for the international oil companies operating refineries 
and retail fuels operations in the UK to pass on any high costs of carbon resulting from the EU 
ETS in the future. The actions of BP in recently selling their two refineries and reducing their 
retail operations support the view that Dovmstream profitability in the UK is insufficient for 
their business needs.
4. Based on the analyses of Refineries A and B described in Chapters 4 and 5, the introduction of 
any significant cost of carbon would increase the attractiveness of a large range of CO] 
emissions abatement measures for a typical UK refinery. However, the character would be an 
incremental, rather than a step change, increase in return that would be unlikely to achieve the 
high hurdle rates for approval of discretionary projects currently set at these refineries.
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5. In the UK retail fuels business, the effect of high crude oil prices is to tend to reduce the 
competitive advantage of the supermarkets relative to the international oil companies. This is 
because the combination of high levels of excise duty and value added tax, together 'with crude 
oil costs, is very large compared to the cost of carbon so any absolute price differentials 
betAveen the two parties will become relatively smaller.
6. Looking ahead to 2050, a SWOT analysis of the UK refining industry has identified more 
significant weaknesses and threats than strengths and opportunities. In particular, whilst there is 
considerable uncertainty about its actual realisation, the prospect of decarbonisation of road 
transport (with zero-carbon electricity) would result in a major re-organisation of the industry.
Based on these and earlier findings, the next chapter considers possible strategies that would 
encourage the UK refining industry to deliver substantial and sustained reductions in CO] emissions 
in the future.
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CHAPTER 8 -  POSSIBLE STRATEGIES FOR THE UK REFINING 
INDUSTRY TO DELIVER REDUCED CARBON DIOXIDE EMISSIONS
8.1 Introduction
The intent of this chapter is to take the findings from previous chapters and to formulate a possible 
strategy for the UK refining industry to deliver substantial and sustained reductions in CO] 
emissions in a timely manner, as outlined by the fifth and final objective of the study described in 
Chapter 1. Possible reduction targets are presented and reviewed in the light of the UK 
Government's targets and the EC's proposals for the next phase of the EU ETS. Finally, some 
alternative options are proposed for consideration.
8.2 Possible Emissions Reduction Target
The UK Government has set target CO] emissions reductions on 1990 levels of 20 and 60 % by 
2010 and 2050 respectively. In the case of the former, this is unlikely to be achieved, and the latter 
is uncertain, particularly if the value is raised to 80 % if the extent of climate change is greater than 
was predicted at the time of setting the 60 % target. However, by starting to focus on the largest 
emitters (e.g. Public Electricity and Heat Production at 28 % and Road Transportation at 23 % of 
total EU-15 CO] emissions in 2005, as highlighted in Section 1.6), in combination with educating 
the public to modify their lifestyles and reduce their consumption, some progress is expected.
Although it would be equitable if all sectors of society each made a 60 % reduction in emissions by 
2050, this may not be reasonable or practical in terms of meeting the overall objective to achieve 
the required reduction at minimum cost to society. Thus, in the case of the oil refining industry 
(with emissions at 4 % of total sources; see Section 1.6), one important question relates as to what 
the UK refineries might reasonably be able to achieve.
Before progressing, it is worth clarifying the base level of emissions for the UK refining industry 
from which relative reductions are subsequently based. The UK Government target specifies 1990 
as the reference year and Table 3.2 in Section 3.2.2 identifies net CO] emissions from fuel 
combustion associated with oil refining at 18.3 Mt. This study has performed analyses on Refineries
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A and B and the industry when the emissions were 17.6 Mt in 2006, as shown in Table 3.4 in 
Section 3.3. On this basis, the industry has already achieved a 3.8 % reduction. However, recent 
progress has been limited and variable since the average annual emissions from 1998 to 2006 were 
17.8 Mt and the emissions in 2005 were 18.2 Mt, as shown in Table 3.5 in Section 3.4. Thus, for 
simplicity, this small step towards meeting the Government’s targets is ignored in the following 
analysis and both 1990 and 2006 are taken as reference years with the same emissions.
8.2.1 Possible Target Reduction Amount
Tables 8.1 and 8.2 present two cases for the industry; one is the requirement if the UK 
Government’s 60 % target is to be achieved, and the other is what might be regarded from the 
results of this study as a reasonable reduction that could be delivered. In both cases, a distinction is 
made between “active” measures that could be implemented by the industry itself, and “passive” 
measures that follow from the reduced demand for refined products caused by actions taken 
elsewhere as the UK strives to address climate change.
The active measures comprise “catch-up” with the best energy efficiency performers in Europe, i.e. 
Level 1 abatement (as defined in Section 5.1). Subsequent general improvements in day-to-day 
operations, as expected from all European refineries, are also judged to be possible in the future. 
Since these Level 1 abatement measures give positive returns (as shown in Section 5.3.2) they are 
judged to be relatively attractive and worthy of being classified as high priority. Nevertheless, some 
additional incentive is required for them to be implemented because this has not happened to date.
Some application of CCS technology, i.e. Level 2 abatement, together with some reduced FCCU 
emissions (not necessarily involving complete shutdown), i.e. Level 3 abatement, are also included. 
In view of the negative returns from such measures, they are judged to require a large external 
incentive to bring about development and implementation.
Finally, the passive measures considered are refinery throughput reductions or closures resulting 
from reduced demand for petrol and diesel following the restructuring of road transportation, i.e. 
Level 4 abatement, as deemed feasible by King (2007, 2008). (For information, the closure of two 
out of the nine UK refineries is arithmetically equivalent to an emissions reduction of 22 %). These 
are really measures of last resort whose status or progress should arguably be determined by market 
forces rather than directly encouraged without consideration of all the interactive factors, although it
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is to be hoped that the refineries with the highest kg CO2 emitted/£ GVA would be the ones most 
affected. In any event, the prospect of any imminent cutbacks in refining capacity will significantly 
influence the incentives for implementing Levels 1, 2 and 3 abatement measures.
Tables 8.1 and 8.2 present possible target reduction amounts for the industry.
Table 8.1. Requirements to Achieve the UK Government’s 2050 Emissions Reduction Target.
Means of Reduction Emissions Reduction (%)
Active measures:
Catch-up with best in Europe -  Level 1 25
Continued base case improvement -  Level 1 )
Some application of CCS technology -  Level 2 ) 15
Some reduction in FCCU emissions -  Level 3 )
40
Passive measures:
Reduced refining capacity -  Level 4 20
Total 60
Table 8.2. A Reasonable Minimum Emissions Reduction Target for 2050.
Means of Reduction Emissions Reduction (%)
Active measures:
Catch-up with best in Europe -  Level 1 17.5
Continued base case improvement -  Level 1 )
Some application of CCS technology -  Level 2 ) 7.5
Some reduction in FCCU emissions -  Level 3 )
25
Passive measures:
Reduced refining capacity -  Level 4 15
Total 40
In Table 8.1, engineering judgment has been applied to derive the following basis of the emissions 
reduction values to achieve the Government’s 60 % target:
1. The largest active measure is catch-up with the best in Europe at 25 %, which is the magnitude 
of the gap between the UK refineries and those of the top EU refineries in The Benelux and 
Scandinavia, as described in Sections 3.4 and 5.3. (The actual gap of 24 % has been rounded to 
25 % for simplicity). Allowance is made for full implementation since this is a base case Level 
1 abatement measure that is demonstrated to be achievable with positive returns from energy 
savings.
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2. The remaining active measures at 15 % are derived from three allowances. The first derives 
from continued improvement in routine operation. Assuming a maximum reduction in Eli of 10 
up to 2050 (compared to an average Eli of 87 in 2002; see Section 3.4), this is equivalent to a 
4.5 % reduction in emissions, as determined from Figure 3.4 in Section 3.4. Thus, a rounded 4 
% reduction is taken for the industry since this is a simple Level 1 abatement measure. The 
second set of measures comprises application of CCS technology. Up to 13 and 24 % reductions 
from applications on good quality CHP systems and FCCUs (with FGD) respectively are 
possible, as described in Section 5.3 and Appendix E. Thus, a 9 % reduction is taken for the 
industry based on achieving one quarter of the maximum possible since these are more 
challenging Level 2 abatement measures, in particular CCS on the FCCU. The third set of 
measures arise from reduction in FCCU emissions. Up to 35 % reduction is possible if this 
process unit is eliminated entirely from refinery operations (with a corresponding lack of credits 
from CCS applied to the regenerator). However, in view of the extreme nature of this Level 3 
abatement measure, a nominal 2 % reduction is taken for the industry to cover small scale 
operating adjustments that would not significantly effect profitability.
3. The passive measure at 20 % from reduced refining capacity assumes an overall reduction in 
demand for refined products, in particular petrol and diesel as described in Sections 7.5 and 7.6. 
Looking ahead to 2050, there is considerable uncertainty about the demand for these road 
transportation fuels and the reduction in UK demand could be as high as 55 %, as described in 
Section 7.5.3. However, the much lower value of 20 % is selected here in order to achieve the 
overall reduction of 60 % that is the Government’s target, to take account of possible production
: for export and to focus on the active, rather than passive, measures the industry can adopt. The 
20 % reduction target could involve processing less crude oil at all the refineries and/or one or 
more complete refinery closures, i.e. measures of last resort.
Similar engineering judgment has been applied to derive the following basis of what is believed to
be a reasonable minimum reduction target, as summarised in Table 8.2;
1. 70 % of the catch-up gap with the best of Europe is taken instead of 100 %, i.e. a 17.5 % 
emissions reduction target. This arises from possible systemic reasons why UK refineries might 
not be able to match the CO] emissions and energy performance of the top EU refineries. This is 
supported by the observation that the nine UK refineries aehieved only 82 % of the average 
NCM of their European peer group, as described in Section 7.3.1.
2. Half of the previously identified remaining Level 1, 2 and 3 abatement measures are taken, i.e. a 
7.5 % reduction target. Since CCS applications and significant changes in FCCU operation are
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considerably more problematic than base case improvements, it seems prudent to be more 
cautious about what can be delivered by 2050 in the UK.
3. 75 % of the passive measures are taken, i.e. a 15 % reduction target, in the event that the 
decreased demand for road transportation fuels is not as large as forecast.
8.2.2 Possible Target Reduction Timetable
Setting a CO] emissions reduction target requires the specification of both an amount and a date or 
timetable for delivery. An attempt has been made to develop a timetable based on the author’s 
engineering judgment recognising the typical period of five years between planned maintenance 
events for refinery process units. Such a runlength has been the focus of considerable effort in the 
industry with substantial progress having been made to improve equipment reliability, reduce 
maintenance costs and maximise capacity utilisation. Many studies have been performed to arrive at 
the optimum taking account of maintenance costs, lost refining margin and the risk of unplanned 
shutdowns. Extensive use is made of contractors in the planning and execution of these 
turnarounds, with special skills and equipment brought in from other countries and regions and 
temporary “villages” set up for their accommodation. In the 1980s, maintenance turnarounds 
typically occurred every four years but now the top performing refineries have stretched the 
runlength to six years. As a result, every effort is made to schedule upgrading projects around these 
planned maintenance events in order to avoid additional downtime.
In addition to the runlength constraint, significant time is also required to change and establish any 
new working cultures associated with pro-active, “can-do” attitudes to maintain the necessary high 
standards of performance in operations integrity, hydrocarbon utilisation and energy efficiency for  ^
improvements in day-to-day operations.
Based on these considerations. Figure 8.1 shows a possible timetable for achieving the 
Government's 60 % reduction target by 2050.
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UK Government's 2010 and 2050 Target Line
20 % from Ldvel 4 abatement
2032 + 18 = 2050
•2 40
/  15 % from additional Level 1
and somle Levels 2 and 3 abatements
■3) 30
2022 + 2x5 runlengths 
= 2032
25 % from Level 1 abatement
f012 + 2x5 runlengths 
= 2022 :
20602030 2040 20502010 20202000
Figure 8.1. Possible Timetable for the Refining Industry to Achieve the Government’s 60 % 
Emissions Reduction Target by 2050.
The timetable is elearly hypothetical since it involves a combination of the four different levels of 
abatement whose implementation has been sequenced to achieve the Government’s target. An 
essential feature is the typical five-year run length and additional details on the reasoning behind 
this schedule follow.
Allowing for the typical three to four years for the development of a project, the earliest 
implementation time for any new projects started now would be 2012, i.e. the end of the EU ETS 
Phase II/Kyoto Protocol Commitment Period. In the first instance, it seems reasonable to assume 
that the first emissions projects to be implemented would be those with associated energy savings,
i.e. Level 1 abatement measures. Due to their character and scale, the catch-up with best in Europe 
projects, giving a 25 % emissions reduction, are phased in over two runlengths to 2022, which gives 
substantial closure of the gap from 22 to 6 % in meeting the Government’s Target Line.
A further two runlengths are then taken for implementing the 15 % reduction associated with the 
remaining active measures. Since these cover Levels 1, 2 and 3 categories, it seems reasonable to 
assume these would follow in a second phase. Thus, in 2032 the gap would be closed to within 2 %.
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Finally, the passive Level 4 abatement measures that provide a 20 % reduction associated with 
demand reduction are assumed to be implemented over the following 18 years to arrive at 2050 
when the Government’s 60 % reduction target is achieved.
To demonstrate the effects of the timing and the magnitude of possible Level 4 abatement measures, 
Figure 8.2 has been prepared based on how a reasonable minimum emissions target might be 
progressed.
7 0
6 0
UK G o v er n m e n t's  2 0 1 0  a n d  2 0 5 0  T a rg et Line
further im p r o v e m e n ts  ?
.2 40
7 .5  % t^om add ition a l ie v e i 1 
an d  d o m e  L e v e ls  2  a n d  3 from  L evel 4  a b a te m e n t
=  3 0
2 0 3 2 +  1 8  =  2 0 5 0
y  1 |7 .5  % from  L ev el 1 
A 1 5  % |from  L ev el 4  abat© in ts 7 .5  % from  ad d ition a l L ev el 1 
.a n d  s o m e  L e v e ls  2  a n d  3  a b a te m e n ts
2 0 2 2  + 2 x 5  ru n le n g th s  
= 2 0 3 2
1 7 .5  % from  L evel 1 a b a te m e n t
2 0 1 2  + 2 x 5  
ru n le n g th s
2 0 6 02 0 3 0 2 0 5 02000 2010 2020 2 0 4 0
Figure 8.2. Possible Timetable for the Refining Industry to Aehieve a Reasonable Minimum 
Emissions Reduetion Target by 2050.
In this case, the lower continuous line represents the phased implementation of the measures 
described in Table 8.2 according to the principles just outlined for Table 8.1 and applied in Figure 
8.1. However, since this is a reasonable minimum reduction case, the Government’s Target Line is 
never achieved with a continuous gap of about 20 % over the whole period to 2050. This can be 
viewed as unsatisfactory, or even unacceptable, so a dashed line has also been drawn to show the 
effects of earlier implementation of the passive Level 4 measures that could come from consumers 
changing their road transportation habits due to economics, increased awareness of climate change.
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technology developments becoming available, Government policy, etc. As a result, the 
Government’s target line would then be met in 2022 with a 32.5 % reduction.
A further two runlengths would then be taken for implementing the 7.5 % reduction associated with 
the remaining active measures covering Levels 1, 2 and 3 categories. Since these are not quite 
sufficient to continue to meet the Government’s target line there is an outstanding gap of 2 % in 
2032. This point then represents the completed implementation of the reasonable minimum 
reduction measures so there is a subsequent enlarging of the gap to 20 % in 2050.
The overall benefit accruing from this sequence of emissions reductions is a closer approach and 
earlier meeting of the Government’s Target Line but the disadvantage is that further improvements 
are required to achieve the 60 % target by 2050.
In view of these uncertainties associated with known unknovms (such as the extent, timing and 
influence of passive. Level 4 abatement measures) as well as unknown unknowns (i.e. unpredictable 
events/surprises), this suggests that some flexibility in updating the elements of any emissions 
reduction strategy will be essential.
8.3 Role of EU ETS
As described in Section 6.3.2, compared to command-and-control methods and pollution taxes, 
emissions trading is an economic instrument used to control emissions of a pollutant at a pre­
determined level by providing incentives for achieving reductions at minimum cost to society. The 
role of the EU ETS will now be considered in the light of how the UK refining industry could 
achieve the UK Govemmenfs 60 % emissions reduction target by 2050. Since the EC has already 
issued proposals for post-2012 operation of the EU ETS (COM, 2008b), this discussion will begin 
with an interpretation of how the UK refining industry will be affected if this Directive comes into 
force.
8.3.1 An Interpretation of EC Proposals for Post-2012 Operation
EC proposals (COM, 2008b) for an improved and extended GHG ETS beyond 2012, as summarised 
in Section 6.4.3, describe the need for an EU-wide cap to achieve a 20 % emissions reduction below 
1990 levels by 2020 with a linear annual reduction for long-term predictability. The reduction that
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is consistent with this principle is specified by COM to be 1.74 % per year, calculated by starting at 
the mid-point of the 2008-12 period average annual total quantity of allowances (NAP 11) issued by 
Member States. COM advise that this would result in a reduction of 21 % below reported 2005 
emissions in 2020. In addition, auctioning would be implemented that in the case of the EU refining 
industry would require refineries to bid in 2013 for 20 % of these allocated allowances, increasing 
by equal amounts each year to 100 % in 2020.
From these proposals, it is not clear how the EU-wide cap-setting system would work; in particular, 
whether it would be restricted to national caps, or extend to sectors, or even installations, within 
Member States. However, Figure 8.3 presents an interpretation of how individual UK refineries 
might be affected if the proposals were applied at the level of installations to achieve the 21 % 
reduction with some important points made below.
2013; 80 % free allocation decreasing 
by equal amounts each year to 0 % by 2020
2005 - 2012:100 % free allocation
Petroplus C
ConocoPhilllps
ExxonMobil
Ineos
Shell
TexacoChevron  
Total Lindsey 
Total MH 
Petroplus T
2005 2005 2006 2007 2008 2009 2010 2011 2012  
actual NAP I NAP I NAP I NAP II NAP II NAP II NAP II NAP II
2013 2014 2015 2016 2017 2018 2019 2020
Figure 8.3. An Interpretation of Allocated Emissions Allowances for UK Refineries.
Derived from COM, 2008b; DEFRA, 2005b; DEFRA, 2007c.
In the first instance, it should be noted that Figure 8.3 is derived from Table 3.3 in Section 3.3, but 
where good quality CHP plants have been broken out of refinery allocations and put into the new 
CHP Sector by DEFRA in the NAP they have been re-integrated here with their associated 
refineries. Thus, the total allocations for ExxonMobil, Ineos, Shell and Total Lindsey are combined 
values so that all the refineries' NAP I and NAP II Allocations are on a consistent basis.
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Furthermore, so that the nine main refineries can be examined separately, npower COGEN at 
Fawley, Fortum O and M at Grangemouth, Ineos Manufacturing at Grangemouth, the two small 
speciality refineries of Eastham and Nynas, and the New Entrant reserve have been excluded from 
this analysis.
Secondly, on this basis, it can be calculated that in order to achieve the EC target reduction of 21 % 
below 2005 emissions by 2020, the required reduction rate is 2.63 % per year over the period from 
2013 to 2020, not 1.74 % per year as advised by COM (2008b). This is because the emissions 
associated with the reference point of NAP II are 17.83 Mt, which are significantly higher than the 
2005 actual value of 17.47 Mt so a larger reduction rate is required. Such an anomaly highlights the 
importance of examining emissions at the sector, and indeed installation, level as well as choosing 
the most appropriate reference point.
Thirdly, the effect of the proposed gradual reduction in free allocation of allowances for the UK 
refining industry also needs to be considered. Certainly, in order to resolve the problem of windfall 
profits, there is a demonstrated need to neutralise the ability of the power generation industry to 
pass through the opportunity cost associated with the free allocation of emissions that results from a 
lack of competition. Auctioning is able to do this but its application on the refining industry is not 
justified since there is no evidence that the industry experienced 'windfall profits as a result of the 
EU ETS. As discussed in Chapter 7, there is much greater competition between multinational oil 
companies; and the presence of the supermarkets, able to source petrol and diesel on the open 
market without the need to ovm or operate refineries, is a real threat. Carbon leakage is thus a real 
possibility. To some extent, the EC proposals are aware of these general concerns, but vulnerable 
energy-intensive industries still need to be identified and specific measures defined and agreed to 
ensure the threat to the UK oil refining industry is minimised. In view of the additional uncertainty 
that auctioning brings to the profitability of UK Dovmstream, and at a time when a SWOT analysis 
reveals more weaknesses and threats than strengths and opportunities, it would seem appropriate to 
at least delay the implementation of auctioning in the EU refining industry.
8.3.2 An Alternative Option
A fundamental element of the EU ETS, or of any emissions trading scheme, is the allocation of 
allowances by grandfathering, benchmarking or auction. From this work, using the existing 
investment of resources in and experiences of the EU ETS, and applying all the principles of the
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proposed Directive, the following formula is offered as an alternative for determining the allocation 
of CO2 emission allowances over 2013 to 2020 for individual UK refineries:
Allocation = Base Line Emissions x Efficiency Factor x Annual Reduction Factor
(Mt/year) (Mt/year)
where:
Base Line Emissions are Average Annual Emissions o f Specified UK Refinery over the period
covering the NAP Phase II base line and Phase I operation o f the ETS
Efficiency Factor is Average Solomon Eli o f B, NL, DK, FIN, N, S Refineries
Solomon Eli o f the Specified UK Refinery 
based on the average o f operations over the previous allocation period
Annual Reduction Factor is Annual Factor Required so UK Refining Sector Meets Overall Reduction Target 
and:
Total Allocation for the UK Refining Sector (Mt/year) is
Sum o f the Individual UK Refinery Allocations (Mt/year).
A description of the different terms used in the formula is given below, followed by a worked 
example that illustrates how they are determined and how the Total Allocation is calculated.
The Base Line Emission of each UK refinery is the base level of historical emissions used to 
determine the allocation for future operations. It is determined as the average annual emissions from 
the NAP Phase II base line (i.e. the average over the period 2000 to 2003, excluding the lowest 
year’s emissions) and Phase I operation (i.e. the average over the period 2005 to 2007) of the ETS. 
Emissions over these periods have been properly recorded and verified. In addition, this use of 
grandfathering provides some initial protection to poor performers and the inclusion of the ETS 
period, when there was a cost of carbon, eases the concern that refineries might have inflated 
emissions for future allocation benefits. (The data are given in Section 3.3).
The Efficiency Factor, determined for each refinery, indicates the scope for bringing the energy 
efficiency of each UK refinery up to the level of the top performers in Europe, i.e. the refineries of 
Belgium, The Netherlands, Denmark, Finland, Norway and Sweden (as described in Section 3.4). 
Although there is not a perfect correlation between Solomon Eli and IVL CO2 Intensity Index (due
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mainly to the differences in amounts of FCCU coke combusted and the use of different fuels, i.e. 
gas and oil, in steam boilers and process fired heaters) the efficiency gap is currently so large, and 
the benefits of closure always financially positive, as to overcome this concern. An important 
feature of this use of benchmarking is the relative rewards given to good performers and the 
penalties imposed on poor performers, both of which encourage continuous improvement from all. 
In addition, the focus on Level 1 abatement measures ensures a positive return for all refineries. 
There is also the possibility of defining a given allocation period and permitting updating of the 
Efficiency Factor to reflect changes in energy performance which could be done within a larger 
account period.
The Annual Reduction Factor is a common factor applicable to each of the refineries to arrive at 
the overall industry emissions reduction target by linearly decreasing the annual Allocations. Since 
the sum of the products of the Base Line Emissions and Efficiency Factors before any reductions 
are made is close to the proposed EC final reduction target of a 21 % reduction below reported 2005 
emissions by 2020, it is necessary to have an initial Reduction Factor that is greater than 1.0. This is 
to avoid an excessively small allocation in 2013 due to the currently large efficiency performance 
gap between the UK refineries and the top performers in Europe. Subsequently, the Reduction 
Factor is gradually decreased year by year to less than 1.0 in order to obtain the required linear 
decrease in allocations and arrive at the overall EC target in 2020. There would be flexibility to 
change the Reduction Factor if it became necessary to set a different target, for instance if the UK 
Government wanted to encourage Level 2 and 3 abatement measures, and adjustments could also be 
made to ease any transition from free allocation to auctioning of allowances.
An example follows to show how the allocation methodology would work. Table 8.3 gives the 
hypothetical Solomon Eli values from which individual refinery Efficiency Factors have been 
determined. The hypothetical Eli values are not entirely arbitrary since they have been selected to 
give both a realistic range, based on engineering experience, and an average that matches values 
from published data on EU-15 countries in 2002 (Nilsson et ah, 2005). Accordingly, the refineries 
have been numbered 1, 2, 3, etc. since their identification is now neither valid nor relevant in this 
example.
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Table 8.3. Hypothetical 2006 Solomon E li Values.
E li Efficiency Factor
Refinery 1 85 69.5/85 = 0.818
Refinery 2 84 0.827
Refinery 3 74 0.939
Refinery 4 82 0.848
Refinery 5 86 0.808
Refinery 6 79 0.880
Refinery 7 85 0.818
Refinery 8 87 0.799
Refinery 9 85 0.818
Average All UK 
Refineries
83.0
Average B, NL, DK, 
FIN, N, S Refineries
69.5
Thus, the efficiency related base line allocations for the refineries are as shown in Table 8.4. In this 
example, the Base Line Emissions have been taken as the average of the NAP Phase II base line and 
Phase I operation over 2005 and 2006 only; 2007 has been excluded because no data was available 
at the time of writing. As discussed earlier, since the reduction in allocation on this basis is large 
(15 % overall), the required Reduction Factor for a more reasonable annual allocation needs to be 
significantly greater than 1.0 initially before decreasing gradually to less than 1.0. It can also be 
observed that the most energy efficient refinery. Refinery 3, only has a 6.1 % reduction in emissions 
whereas the least efficient. Refinery 8, has the largest reduction at 20.2 %.
Table 8.4. Derivation of Efficiency Related Base Line Allocations.
Base Line 
Emissions 
(Mt)
Efficiency
Factor
Efficiency 
Related Base 
Line Allocation 
(Mt)
Reduction
in
Emissions
(%)
Refinery 1 2.050 0.818 1.676 18.2
Refinery 2 2.308 0.827 1.909 17.3
Refinery 3 3.185 0.939 2.992 6.1
Refinery 4 1.560 0.848 1.322 15.3
Refinery 5 2.896 0.808 2.340 19.2
Refinery 6 2.225 0.880 1.958 12.0
Refinery 7 1.852 0.818 1.515 18.2
Refinery 8 1.141 0.799 0.911 20.2
Refinery 9 0.246 0.818 0.201 18.3
Total 17.464 14.825 15.1
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The current EC proposed target specifies both an overall reduction amount and a linearly decreasing 
annual reduction rate. These same requirements have been retained in this alternative proposal but 
the reference point for the latter has been taken as the Base Line Emissions instead of the NAP 
allowances at the mid-point of the period 2008 to 2012. Iterative calculations have been performed 
to identify the appropriate Armual Reduction Factors to give the annual Allocations for each 
refinery. The sum of these gives an annual linearly decreasing allocation that ultimately achieves 
the EC proposed target by the industry. Table 8.5 presents the results of the calculation of the 
refineries’ allocations and Figure 8.4 presents the results graphically so the trends of individual 
refinery annual allocations can be identified more easily.
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Figure 8.4. An Alternative Method for Alloeating Emissions Allowanees to UK Refineries.
Table 8.5 illustrates the changes in Reduction Factor required to achieve both the overall emissions 
reduction target of 21 % below reported 2005 emissions by 2020 and the linearly decreasing rate of 
2.63 % per year over 2013 to 2020. Again, there are large differences in allocations between the 
refineries and it can be observed that in this allocation method, since the benchmarking is based on 
energy efficiency, in the initial post-2012 period the above average performing refineries receive an 
increase in their allocated allowances, while the below average refineries experience a shortfall. 
However, all refineries have reduced allocations as 2020 is approached, and, irrespective of whether 
individual refineries would be selling or purchasing allowances on the ETS, the cost of carbon is 
expected to provide an incentive to reduce emissions. Although 2012 is part of the NAP II period, 
the individual refinery allocations have been shown modified so it is possible to discern the effect 
of benchmarking with the same total emissions before the next phase of the ETS begins in 2013.
Since this work suggests that auctioning of allocations is not appropriate for the UK refining 
industry at this time, the more focused approach of controlled reductions in performance based 
allocations is judged to be a more effective way of delivering emissions reductions at least cost. 
Such an allocation methodology would provide greater certainty with which international oil 
companies could make investment decisions about their long term strategies for addressing climate
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change. The outstanding argument for auctioning is based on the Government raising funds that 
could be committed to progressing CO2 emissions abatement projects that cannot be progressed by 
other means. However, the variable and uncertain income and the inevitable difficulties of “ring- 
fencing” the funds are causes of concern. In any event, the proposed alternative allocation formula, 
with its adjustable Reduction Rate, would permit a gradual introduction of auctioning at any time.
Whatever the final choice and details of the method of EU-wide allocation of emission allowances, 
some means of minimising the risks to the UK refining industry of loss of competitiveness and 
carbon leakage needs to be progressed, particularly if there is no international agreement on limiting 
global GHG emissions. For a country not bound by an international agreement exporting refined 
hydrocarbon products into the UK, this could take the form of a type of border tax equivalent to the 
price of carbon on the allocated emissions of CO2 associated with the specific product, e.g. gasoline 
or diesel. Similar requirements to those contained in the UK Government's RTFO (D fl, 2007), the 
EC's Fuel Quality Directive (COM, 2007) and Chapter 6 could be applied regarding certificates of 
origin and CO2 emissions accounting. In the same manner, a UK company exporting to a similar 
country, could claim back the cost of carbon.
The thoughts and ideas presented here are neither definitive nor complete, and require further 
development that is beyond the scope of this study. Their usefulness is in challenging the current 
EC proposals and UK Government thinking as the debate continues about what should follow the 
EU ETS Phase II and Kyoto Protocol Commitment Period. Perhaps to state the obvious, it is for the 
benefit of all that a wide ranging debate occurs to ensure a fair and robust system is created, capable 
of delivering cost effective CO2 emissions reductions in a timely manner.
There is merit in possible future work considering the proposal of benchmarked emissions 
allocations based on energy performance for other processing and manufacturing industries. 
Prerequisites are mass and energy balances and an industry-wide energy efficiency/C02 emissions 
performance indicator but benefits would accrue to the industry and the UK economy from 
increased competitive advantage.
Recalling the judgment made in Section 6.6 that with hindsight the more effective economic 
instrument for reducing CO2 emissions within the EU would have been the carbon tax, the potential 
benefits accruing from this proposal for the UK refining industry would now swing the merits in 
favour of the ETS. It is difficult to see how differential treatment could be given so effectively to
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installations within a sector to encourage both emissions reductions and the survival of the fittest by
either taxation or regulation.
8.4 Conclusions
It is concluded that:
1. Extensive progress is required on a wide range of measures for the UK refining industry to 
achieve the UK Government's and EC's targets of a 60 % reduction in CO2 emissions below 
1990 levels by 2050. Active measures include energy efficiency catch-up with the best in 
Europe, applications of CCS and some reductions in FCCU emissions together with passive 
measures, such as reduced refining capacity resulting from the reduced demand for petrol and 
diesel following the restructuring of road transportation.
2. Recognising that passive measures resulting from the reduced demand for refined products will 
have a substantial influence on the size and configuration of the UK refining industry by 2050, 
there is a case for setting a lower intermediate emissions reduction target that just covers the 
active measures the industry can take. A review at that time would then determine what 
revisions are required to the target commensurate with the emissions reduction performance of 
the UK for the remainder of the period to 2050.
3. A reasonable minimum target for the UK refining industry is a 40 % reduction in emissions 
below 1990 by 2035. This is a challenging target if by that time there has not been any reduced 
demand for transportation fuels. In any case, the proposed EC target of a 21 % reduction below 
2005 levels by 2020 should be achievable but requires aggressive efforts to implement energy 
efficiency measures, possibly with some applications of CCS.
4. The profitability of the UK refining industry and its contribution to the UK economy would be 
adversely affected if emissions targets were imposed on the industry that required changes in 
FCCU operation or reduced refining capacity in advance of the expected reduction in consumer 
demand for refined products.
5. Current EC proposals for the Refining Sector in the next phase of the EU ETS, essentially 
comprising a linear reduction of the NAP Phase II cap over eight years to 2020 and the gradual
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abolition of free allocation to be replaced by full auctioning in 2 0 2 0 , do not seem best suited to 
the UK refining industry. This is because the industry is treated as a whole with no effort made 
to improve the energy efficiency/C0 2  emissions of the poorly performing refineries that are 
considerably below the average of their European peer group. In addition, unlike the power 
generation industry, the argument for auctioning is not well made and there could be harmful 
consequences in terms of costs, investment, competition and emissions leakage.
6 . An alternative proposal for the next phase of the EU ETS, involving controlled reductions in
benchmarked allocations and not distributing allowances by auction to achieve the same intent, 
has merit and is worthy of further consideration. The use of Solomon Eli values for allocating 
allowances to individual UK refineries based on their energy efficiency performance relative to 
the top EU refineries, and the absence of uncertainties associated with bidding for allowances at 
auction, would be effective in encouraging long-term investment and adoption of improved 
work practices. It would also help to ensure the long-term future of those refineries with the 
lowest kg CO2 emissions/£ GVA. As a result, the competitiveness of the UK refining industry 
should be considerably improved. Suclr a proposal of differential treatment of installations 
within a sector is an advantage of the cap-and-trade system over a carbon tax.
7. In the absence of any international agreement limiting global GHG emissions there is an
argument that the UK refining industry should be treated as a special case due to its 
vulnerability to loss of competitiveness and carbon leakage through imports of refined 
hydrocarbon products. This requires consideration of how countries not bound by such an
agreement that export those products into the UK would be treated less favourably by, for
example, the imposition of a type of border tax associated with the cost of carbon.
The final chapter brings together the overall conclusions from this study.
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CHAPTER 9 -  CONCLUSIONS AND POSSIBLE FUTURE WORK
9.1 Introduction
This chapter brings together the findings and conclusions arising from this study and outlines areas
of possible future work.
9.2 Background
Chapters 1 and 2 set out the background to the current situation regarding the significance of CO2
emissions on climate change and the development of policies for implementation both at the
international and UK Government levels.
1. There is sufficient scientific understanding of climate change to be highly confident that 
anthropogenic emissions of CO2 and other GHGs are causing global warming, the consequences 
of which include sea level rise from changes in ocean temperature and the shrinking of the 
cryosphere.
2. Global GHG concentrations continue to rise (from the pre-industrial level of about 280 vppm to 
currently in excess of 380 vppm CO2), particularly from the combustion of fossil fuels for 
energy by China and other nations of the developing world, with CO2  comprising about 75 % of 
the total GHG emissions.
3. In 2005, the USA had the highest CO2 emissions per capita, compared to France, Germany and 
the UK (about twice), to China (five times) and to India (eighteen times). However, China had 
the highest emissions per unit of GDP at one third higher than those of the USA, about twice 
those of Germany, the UK and India and three times those of France.
4. In 2006, EU-15 contributed 12 % of global CO2 emissions from the combustion of fossil fuels.
5. In 2005, petroleum refining contributed 4 % by source and the UK contributed 16 % by country 
to EU-15 CO2 emissions.
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6 . Actions are required from both governments and individuals, sooner rather than later and 
perhaps 'with some loss of personal freedom, in order to minimise the extent of climate change 
from GHG emissions and to adapt to its consequences.
7. The Kyoto Protocol is an achievement in terms of establishing an international process for 
making GHG emissions reductions to address global warming. However, its fundamental flaws, 
so far, have been the absence of key nations (e.g. the US, China and India) who have not 
formally committed to reducing emissions and the setting of reduction targets that are too small 
(overall a 5 % reduction in 1990 levels by 2008 to 2012) to have any significant effect.
8 . In order to deliver on its Kyoto Protocol commitment, the EU has commissioned a CO2 
emissions trading scheme or "cap-and-trade" system. In the case of the UK, the allocation of 
allowances is essentially “business as usual” apart from the Power Stations Sector that is 
expected to achieve a significant reduction (about 20 % on 2003 emissions).
9. The UK Government is taking a lead in promoting GHG emissions reductions for which it is to 
be commended. Fortuitously, the country has already met its Kyoto Protocol commitment of a 
reduction of 12.5 % below 1990 levels by 2008 to 2012. However, its target of achieving a 60 % 
reduction by 2050 to stabilise the CO2 atmospheric concentration at about 550 vppm limiting 
the increase in GMST to about 2 °C is a considerable challenge.
10. The Stem Review makes a compelling case for taking global actions to tackle climate change 
sooner rather than later. If early action is taken, the costs would be about 1 % of global GDP per 
year compared to the loss of at least 5 % increasing to more than 20 % of global GDP per year, 
depending upon the extent of risks considered, if no action is taken.
11. The UK NAP Phase I has specified an annual allocation of 19.8 t CO2 emissions for the 
Refineries Sector (representing 8  % of total allocations) that is reduced to 15.4 t in Phase II 
(with some reorganisation of the sector for the creation of a new Good Quality CHP Sector). 
Such allocations, together with the Government’s new stringent emissions reduction target for 
2050, present the refining industry with a need for action.
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9.3 Findings and Conclusions
In the light of the above observations, Chapter 1 set out specific objectives for this study. The
overall findings and conclusions against these objectives are as follows:
Objective 1: To conduct an investigation into the factors affecting CO2 emissions in the UK
petroleum oil refining industry:
1.1 The UK refining industry, comprising nine main and two small refineries, has made a 
relatively steady contribution at just over 3 % of total UK CO2 emissions over the period from 
1990 to 2005.
1.2 Although EU ETS NAP Phase I allowance allocated to the refining industry was significantly 
in excess of recent CO2 emissions, some individual refineries have been close to, or exceeded, 
their allocations, requiring them to make purchases on the EU ETS.
1.3 The British and Irish refineries have below average performance in their European peer group 
in terms of Solomon Energy and IVL CO2 Emissions Intensity Indices. Based on 2002 data, 
the most important finding is the potential for the British and Irish refineries to reduce their 
CO2 emissions by some 24 %, with associated energy cost savings of about 15 %, if  they can 
improve their operations to match the top performing refineries of Scandinavia and The 
Benelux.
1.4 Despite steady total emissions over the period 1998 to 2006, there has been a 10 % increase in 
CO2  emissions factor (kg C0 2 /t primary oil processed) for the UK refining industry.
1.5 Progress by the refining industry towards meeting the UK Government’s target of reducing 
emissions by 60 % on 1990 levels by 2050 appears to be challenging based on recent 
reductions, including less than 1 % reduction in 2005 and about 3.8 % in 2006.
Objective 2: To identify and quantify opportunities for making reductions in CO2 emissions
and derive an abatement cost curve for the industry:
2 . 1  Indirect CO2 emissions associated with imported electricity represent 7.1 and 2 . 8  % of the
direct emissions from Refineries A and B respectively. These emissions are not included in
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the subsequent analysis, consistent with the requirements of the current EU ETS that is based 
on production rather than consumption accounting principles.
2.2 In terms of direct CO2 emissions from Refineries A and B, catalytic cracking is the process 
making the largest contribution (at 35 %), followed by steam and power generation (about 25 
%) and distillation (just less than 20 %). Flaring is not insignificant at 3 %.
2.3 Refinery A has both lower CO2  emissions (169 kg/t primary oil processed) and higher energy 
efficiency (Solomon Eli of 78.8) compared to Refinery B (207 kg/t and 85.7). This is 
consistent with expectations and findings on the European oil industry.
2.4 There are significant differences in the allocated CO2 emissions associated with the gasoline 
components produced by Refineries A and B but, generally, alkylate has the highest 
emissions, and butane, straight run naphtha, and reformate have the lowest. Any indirect 
emissions associated with imported processed components are excluded, as has been done for 
imported electricity.
2.5 Gasoline produced by Refinery A has the lower allocated CO2 emissions at 259 kg/t 
compared to that from Refinery B at 291 kg/t. This distinction is consistent with the results on 
overall emissions/energy efficiencies and the absolute values are consistent with the general 
findings on European refineries by other workers.
2.6 Analysis of gasoline blends produced by Refineries A and B shows that it is possible to 
achieve the required UK gasoline specification from a range of blend formulations with 
different average allocated CO2 emissions. This indicates the possibility of including the cost 
of emissions in optimisation models used for gasoline blending and the development of 
refinery run plans.
2.7 Based on an analysis of abatement options, UK refining industry CO2 emissions could be 
reduced by some 24 % if the refineries collectively improved their energy efficiencies. The 
implementation of such projects and programmes (classified as Level 1 abatement) would 
give a positive return on investment. This is confirmed by other data, which shows that the 
same emissions reduction could be achieved if the UK refineries’ energy efficiencies matched 
those of the best EU performers, i.e. the refineries in Scandinavia and The Benelux.
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2.8 CCS would achieve additional emission reductions around 13 and 24 % if applied to good 
quality CHP systems (Level 2a abatement) and the FCCU regenerator, in combination with 
FGD, (Level 2b abatement) respectively. The costs of abatement are 37 and 79 $/t CO2 
respectively.
2.9 There is likelihood of meeting the UK Government’s general 2050 target of a 60 %.reduction 
in 1990 CO2 emissions if Levels 1 and 2 abatement projects and programmes are fully 
implemented. This would avoid the need for shut down of the FCCU (Level 3 abatement), 
which would have serious adverse effects on the profitabilities of Refining and Chemicals, 
and could be achieved at an indicated net cost of -$2 1 /t CO2 or -$0.38/bbl, i.e. providing a 
small financial return with additional credits coming from whatever might be the savings on 
the EU ETS cost of CO2 .
2.10 If the long term future of Refining is one of reduced demand for transportation fuels and low 
margins, then the possible closure of individual UK refineries would make a significant 
contribution to meeting the Government’s general 2050 target but at obvious expense to the 
UK economy.
2.11 Although the large international oil companies appear to have seamless vertically integrated 
organisations, the Upstream actually operates entirely separately from the Downstream; and 
within the Downstream, Refining is a separate entity from Chemicals. Thus it can be observed 
that, despite corporate profitability being consistently positive. Refining has experienced 
much reduced profitability compared to the Upstream, and even occasional negative returns 
on capital employed, in recent years.
2.12 Energy efficiency improvement projects and programmes have not been pursued to their 
fullest extent at Refineries A and B due to a lack of funding and an inability to meet the high 
rate of return required for project approval. Such limited discretionary investment by the oil 
majors in UK refineries results from the need for, and greater returns obtained from, large 
scale projects in Oil and Gas Exploration and Production.
2.13 Even if funding becomes available in the future for CO2 emissions reduction projects and 
programmes in the UK refining industry, a potential skills shortage could limit their scope and 
delay their implementation.
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Objective 3: To review the state of current and proposed policies for delivering CO2
emissions reductions in the industry:
3.1 There has been mixed success from the implementation of Phase I of the EU ETS. In 
particular:
3.1.1 All the main elements of the ETS are in place and functionality has been demonstrated. 
Amongst EU Member States, at least, the concept has now been generally accepted that 
there is a limit to the previously free right to emit CO2 and a mechanism has been 
implemented that potentially could deliver emissions reductions.
3.1.2 There has been considerable variability in the NAPs prepared by Member States and 
approved by the EC. This lack of harmonisation, in which in some Member States were 
short of CO2 emission allowances, e.g. the UK, while the majority of others were long, is a 
serious concern for relative competitiveness.
3.1.3 The EU ETS was able initially to establish a price for carbon in terms of CO2 emission 
allowances, but a collapse occurred when a general surplus in allocations was discovered 
and it was realised that banking of allowances was not to be permitted over the transition 
from Phase I to Phase II. Although such dynamics demonstrate the ETS is able to properly 
respond to market forces, they also highlight the failure of the policymakers in not providing 
a means for the market to establish a stable sustained price. Such uncertainty in the current 
and future price of carbon is a serious concern to companies in the development of their 
long-term investment plans.
3.1.4 The large free allocation of CO2 emission allowances and the lack of competition were 
contributing factors that permitted the power generation industry to make windfall profits. 
Provided that an industry is not exposed to competition, auctioning would be a fair and 
effective means of returning any pass-through charges, either to consumers or to worthy 
causes (e.g. the development of projects to reduce GHG emissions, progress renewable 
energy, etc.).
3.2 A continuing weakness of the EU ETS, and other EU measures intended to tackle climate 
change, is its limited global application that could adversely affect EU competitiveness and 
encourage leakage of C02 emissions to other regions of the world.
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3.3 Although there are some differences of opinion between BP, ExxonMobil and Royal Dutch 
Shell, all the oil majors have expressed serious concerns about the current and proposed 
operation of the EU ETS and the lack of global commitment in terms of policy and regulation. 
On a more positive note, they have expressed support for measures to reduce climate change 
but are seeking fair and consistent terms over sufficient periods of time to provide a robust 
basis to develop and implement the necessary long-term investment programmes to reduce 
CO2 emissions.
3.4 On balance and with hindsight, taxation would appear to be better than a cap-and-trade 
system but, from the current position, the pragmatic approach is to build upon the investments 
of thought, time and money already made in the EU ETS. The system could, and should, be 
made to work more effectively by progressing the identified areas for improvement and 
incorporating measures for more rigorous CO2 emissions reductions, rather than to develop 
alternative economic instruments with all their associated strengths and weaknesses that 
would also have to be resolved. There is some merit in considering how a carbon-added 
regulatory system might work as an evolutionary, rather than revolutionary, change to the 
existing system.
3.5 There is a need to encourage the development and implementation of selected CO2 emissions 
reduction and energy technologies such as CCS, at least as far as the first commercialisation.
3.6 Current UK legislation (RTFO) and proposed EU Directives (Renewable Energy and Fuel 
Quality) require increased amounts of biofuels in petrol and diesel, as well as reduced life 
cycle GHG emissions which, if implemented, will result in the following consequences for 
the UK refining industry:
3.6.1 Directionally, reduced demands for petrol and diesel as refined hydrocarbon products, thus 
contributing to the current surplus of gasoline and easing the current deficit of diesel;
3.6.2 Real benefits potentially available from allocating and optimising CO2 emissions to the 
components of gasoline and diesel and from the implementation of energy efficiency 
improvements at refineries.
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3.7 There still remains considerable uncertainty about details of post-Phase II EU ETS, 
development of post-Kyoto Protocol policy and actual delivery of CO2 emissions reductions 
to mitigate climate change.
Objective 4: To determine the impact of the cost of carbon on the industry:
4.1 Although not as substantial as the power generating industry, the refining industry makes 
relatively large contributions to both the UK’s economy (in terms of GVA) and the country’s 
CO2 emissions. In fact, the refining industry has kg CO2 emissions/^ GVA that are about one 
quarter of those of the power generating industry but 15 times those of the whole UK 
economy.
4.2 Compared to its European peer group, the UK refining industry is a mid to low performer, 
achieving only 82 % of the average refining NCM. This is consistent with the industry having 
below average ranking in terms of energy efficiency and CO2 emissions performance.
4.3 The general consensus to date has been that despite some exposure to imports, the UK 
refining industry is unlikely to suffer any loss of competitiveness or be associated with any 
significant leakage of CO2 emissions due to the EU ETS. This study is less sanguine 
regarding UK refining industry prospects and has identified concerns about current significant 
levels of EU and non-EU trade in refined products; the relatively low cost of tanker transport 
to support this trade; the potential for carbon leakage; the below average profitability of UK 
refineries compared to those in Europe; and the highly competitive position of the UK 
supermarkets who retail large volumes of road fuels at low margins without the need to own 
and operate any refineries. All these factors suggest it would be difficult for the international 
oil companies operating refineries and retail fuels operations in the UK to pass on any high 
costs of carbon resulting from the EU ETS in the future. The actions of BP in recently selling 
their two refineries and reducing their retail operations support the view that Downstream 
profitability in the UK is insufficient for their business needs.
4.4 Based on the analyses of Refineries A and B described in Chapters 4 and 5, the introduction 
of any significant cost of carbon would increase the attractiveness of a large range of CO2 
emissions abatement measures for a typical UK refinery. However, the character would be an 
incremental, rather than a step change, increase in return that would be unlikely to achieve the 
high hurdle rates for approval of discretionary projects currently set at these refineries.
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4.5 In the UK retail fuels business, the effect of high crude oiTprices is to tend to reduce the 
competitive advantage of the supermarkets relative to the international oil companies. This is 
because the combination of high levels of excise duty and value added tax, together with 
crude oil costs, is very large compared to the cost of carbon so any absolute price differentials 
between the two parties will become relatively smaller.
4.6 Looking ahead to 2050, a SWOT analysis of the UK refining industry has identified more 
significant weaknesses and threats than strengths and opportunities. In particular, whilst there 
is considerable uncertainty about its actual realisation, the prospect of decarbonisation of road 
transport (with zero-carbon electricity) would result in a major re-organisation of the industry.
Objective 5: To propose a possible strategy, encouraged by economic instruments, for the 
industry to deliver substantial and sustained CO2 emissions reductions:
5.1 Extensive progress is required on a wide range of measures for the UK refining industry to 
achieve the UK Government’s and EC's targets of a 60 % reduction in CO2 emissions below 
1990 levels by 2050. Active measures include energy efficiency catch-up with the best in 
Europe, applications of CCS and some reductions in FCCU emissions together with passive 
measures, such as reduced refining capacity resulting from the reduced demand for petrol and 
diesel following the restructuring of road transportation.
5.2 Recognising that passive measures resulting from the reduced demand for refined products 
will have a substantial influence on the size and configuration of the UK refining industry by 
2050, there is a case for setting a lower intermediate emissions reduction target that just 
covers the active measures the industry can take. A review at that time would then determine 
what revisions are required to the target commensurate with the emissions reduction 
performance of the UK for the remainder of the period to 2050.
5.3 A reasonable minimum target for the UK refining industry is a 40 % reduction in emissions 
below 1990 by 2035. This is a challenging target if by that time there has not been any 
reduced demand for transportation fuels. In any case, the proposed EC target of a 21 % 
reduction below 2005 levels by 2020 should be achievable but requires aggressive efforts to 
implement energy efficiency measures, possibly with some applications of CCS.
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5.4 The profitability of the UK refining industry and its contribution to the UK economy would 
be adversely affected if emissions targets were imposed on the industry that required changes 
in FCCU operation or reduced refining capacity in advance of the expected reduction in 
consumer demand for refined products.
5.5 Current EC proposals for the Refining Sector in the next phase of the EU ETS, essentially 
comprising a linear reduction of the NAP Phase II cap over eight years to 2020 and the 
gradual abolition of free allocation to be replaced by full auctioning in 2 0 2 0 , do not seem best 
suited to the UK refining industry. This is because the industry is treated as a whole with no 
effort made to improve the energy efficiency/COi emissions of the poorly performing 
refineries that are considerably below the average of their European peer group. In addition, 
unlike the power generation industry, the argument for auctioning is not well made and there 
could be harmful consequences in terms of costs, investment, competition and emissions 
leakage.
5.6 An alternative proposal for the next phase of the EU ETS, involving controlled reductions in 
benchmarked allocations and not distributing allowances by auction to achieve the same 
intent, has merit and is worthy of further consideration. The use of Solomon Eli values for 
allocating allowances to individual UK refineries based on their energy efficiency 
performance relative to the top EU refineries, and the absence of uncertainties associated with 
bidding for allowances at auction, would be effective in encouraging long-term investment 
and adoption of improved work practices. It would also help to ensure the long-term future of 
those refineries with the lowest kg CO2 emissions/^ GVA. As a result, the competitiveness of 
the UK refining industry should be considerably improved. Such a proposal of differential 
treatment of installations within a sector is an advantage of the cap-and-trade system over a 
carbon tax.
5.7 In the absence of any international agreement limiting global GHG emissions there is an 
argument that the UK refining industry should be treated as a special case due to its 
vulnerability to loss of competitiveness and carbon leakage through imports of refined 
hydrocarbon products. This requires consideration of how countries not bound by such an 
agreement that export those products into the UK would be treated less favourably by, for 
example, the imposition of a type of border tax associated with the cost of carbon.
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9.4 Possible Future Work
The following possible future work has been identified during the course of this study:
1. From DBERR, DEFRA and other published data in the public domain, a profile could be 
constructed showing the CO2 emissions and configuration of the UK refining industry as a 
whole. Both direct emissions from within the industry and indirect emissions associated with 
imports (and exports) of electricity and hydrocarbons could be included in order to take account 
of emissions on a consumption, as well as on a production, basis. Comparisons could then be 
made on an annual basis and with other countries’ industries to monitor progress towards 
meeting the Government’s and the EC’s reduction targets.
2. Using the profile described above and the details obtained from Refineries A and B, an attempt 
could be made to develop an empirical or LP model of the UK refining industry so that CO2 
emissions could be allocated to the different refined products, e.g. gasoline and diesel. This 
could include further investigation of emissions allocation between the co-products of reformate 
and hydrogen, while subsequent analysis could monitor progress on reducing emissions and 
provide some guidance for the industry and policy makers to meet future needs.
3. Guidance on the optimum formulation of gasoline could be given from data on allocated CO2 
emissions and from the energy contents of individual gasoline blends. Both well-to-tank and 
tank-to-wheel pathways could be considered to provide details of emissions over the complete 
life cycle.
4. A more rigorous development of the CO2 emissions abatement cost curve for the UK refining 
industry could be made by detailed study rather than through the extensive use of engineering 
judgment. This could include consideration of the cost of capital; more detailed operations 
analyses (e.g. pinch analysis); evaluation of new technologies (e.g. membranes for separation) 
and specific rather than generic cost estimates. In addition, a more comprehensive range of 
possible abatement measures could be studied such as low energy crude oil processing 
technologies and gasification of heavy fuel oil with CHP and CCS.
5. A detailed study could be made of the large potential impact of CO2 emissions abatement 
measures on the UK refining industry resulting from the decline in demand for gasoline and
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diesel as the future decarbonisation of road transport occurs. Such passive abatement measures 
are likely to have a significant influence over the scale and extent of active measures 
implemented by the industry, particularly as the deadline for the Government’s target of a 60 % 
reduction belo'w 1990 levels by 2050 is approached.
6 . A more rigorous analysis is required of the arguments for and against making the UK refining 
industry a special case, not subject to the allocation of EU ETS CO2  emissions allowances by 
auction as proposed over 2013 to 2020 by the EC. Some urgency is required if there is to be any 
change to these proposals. In addition, the industry needs to be more proactive in easing the 
barriers to the implementation of abatement measures with positive returns.
7. Detailed consideration is given to the proposal of benchmarked emissions allocation for post- 
Phase II of the EU ETS based on energy performance for the UK refining industry. This would 
involve discussions with Solomon Associates for access to the proprietary Eli data and the 
analysis of a range of scenarios to derive environmental and economic impact assessments. The 
results could then be compared to the expected outcomes of the current EU proposal to 
determine the potential benefits.
8 . This study has focused on reducing CO2 emissions in the UK oil refining industry, which 
comprises one sector in one country. Based on the results obtained, the same methodology 
could be applied to meet the same objectives for the study of other sectors in the UK such as 
Cement Production, Iron and Steel Production, and even parts of Public Electricity and Heat 
Production and Road Transportation. On its own, the development of emissions abatement cost 
curves for different sectors would be useful for the industries involved and policy makers.
9. There is merit in considering the proposal of benchmarked emissions allocations for post-Phase 
II of the EU ETS based on energy performance for other processing and manufacturing 
industries. Prerequisites are mass and energy balances and an industry-wide energy 
efficiency/C0 2  emissions performance indicator but benefits would accrue to the industry 
involved and the UK economy from increased competitive advantage.
10. Extending the study to include the refining industries of other countries in both the developed 
and developing worlds would be helpful to all parties involved. The UK industry could learn
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from the achievements of lower emission performers whilst those in developing countries could 
benefit from the UK’s experiences and plans for the future.
9.5 Key Contributions and Concluding Remarks
In summary, the key contributions of this study into CO2 emissions in the UK refining industry are:
1. Estimates of the emissions intensity of the industry, including the allocation of emissions to a 
selected product, i.e. gasoline;
2. The development of a specific abatement cost curve for the industry based on practical 
opportunities for emissions reductions;
3. Sector analysis showing the impact of the cost of carbon on profitability;
4. The development of possible strategies for delivering substantial and sustained emissions 
reductions in line with the Government’s objectives; _
5. Advice to policymakers on changes to the EU ETS that would deliver emissions reductions 
whilst also ensuring industry competitiveness.
The practical lessons from the introduction of the EU ETS, intended to reduce CO2 emissions and 
address climate change, are still being leamt as the scheme now enters Phase II, coincident with the 
Kyoto Protocol GHG reduction commitment period. As plans are now being prepared by the UK 
Government and the EC for the next phase and beyond, it is important that effective measures are 
implemented in a timely manner at minimum costs to society. This will neither be achieved by the 
EU taking large scale unilateral action nor by the international community procrastinating in order 
to reach unanimous agreement on limited actions. However, it is hoped that the work described in 
this dissertation has contributed to understanding how the refining industry in the UK, and in other 
countries, might meet its obligation in making substantial and sustained reductions in CO2 
emissions.
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APPENDIX A -  NORMALISED MASS AND ENERGY BALANCES AND CO2 EMISSIONS
FOR REFINERY A
The following tables relating to Refinery A are contained in this appendix:
Table A.I. Normalised Mass and Energy Balances and CO2 emissions.
Table A.2. Derivation of Normalised CO2  Emissions for Primary Oil Processed.
Table A.3. Calculation Summary of Total Allocated CO2 Emissions for Blended Gasoline.
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APPENDIX B -  NORMALISED MASS AND ENERGY BALANCES AND CO2 EMISSIONS
FOR REFINERY B
The following tables relating to Refinery B are contained in this appendix:
Table B.l. Normalised Mass and Energy Balances and CO2 emissions.
Table B.2. Derivation of Normalised CO2 Emissions for Primary Oil Processed.
Table B.3. Calculation Summary of Total Allocated CO2 Emissions for Blended Gasoline.
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Appendix E
APPENDIX E - DEVELOPMENT OF COST CURVE FOR CO2 EMISSIONS ABATEMENT
E.l Basis
This appendix takes the starting point for developing the costs and benefits curve for CO2 emissions 
abatement as the Operations Analyses performed for Refineries A and B (see Chapter 4 and 
Appendices C and D based upon information and data contained in Volumes II and III of this 
thesis) which have then been extended here to include estimates of capital, maintenance and 
operating costs. Such emissions reductions resulting from general improvements in the day-to-day 
operation, including the implementation of a good quality combined heat and power (CHP) system, 
are regarded as “Level 1” abatement. The application of carbon capture and storage (CCS) 
technology has been progressed as “Level 2”. Finally, consideration has been given to the in 
extremis option of permanently shutting down the FCCU regenerator which is classified as “Level 
3”. Further details are given in Chapter 5.
In the first instance, individual cost curves have been prepared covering Level 1 abatement 
measures for Refineries A and B; subsequently, they have been blended together and extended to 
include Level 2 and 3 abatement measures to produce a single curve for a typical UK refinery and 
the UK refining industry as a whole.
Since it has not been possible to derive costs from first principles due to a lack of data, engineering 
judgment has been applied extensively based on the author’s 35 years of industrial experience that 
have included 25 years working in the oil refining industry. Nevertheless, this is judged to be a 
reasonable approach for considering policy options for reducing CO2 emissions; if the intent was to 
make decisions on individual projects for development, which it is not, more detailed work would 
be required.
It should be noted that the following periods have been taken for depreciating, or linearly 
annualising, once-off capital and maintenance costs in the preparation of the cost estimates:
1. Five years for run length related maintenance activities such as equipment cleaning. This is 
the typical period between planned shutdowns or turnarounds for routine maintenance.
2. 12.5 years for repairs/refurbishments to existing equipment. This is half of the expected life 
of refinery plant.
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3. 25 years for new equipment. This is the expected life of refinery plant.
All costs and benefits have been determined based on 2006 values. For simplicity, no allowance has 
been made for any interest charges on capital, and future revenues and costs are not subject to 
discounting, because of uncertainty about the interest rate to select, exacerbated by the following 
issues:
1. The current global economic crisis. Since the economy of the UK, together with many other 
nations around the world, has plunged into recession there has been resulting large 
variability in the Bank of England interest rate that has prompted great concern about the 
future and the availability, not to mention the cost of, capital.
2. Interest and discount rates are always controversial, particularly in economic matters 
relating to the environment and climate change. This is because a high interest charge for the 
future will encourage delays in costly abatement measures since the benefits of an improved 
climate in the future are distant in time and heavily discounted. Similarly, the opposite 
applies to low rates.
Consistent with this simplification, and to an unknown extent compensating for it, no consideration 
has been given to future, rather than current, costs and benefits since their timing is uncertain and 
their values are subject to indeterminate price inflation of engineering equipment, construction, 
labour, crude oil, energy, refining margin, etc. Accordingly, the econometrics selected for analysis 
are total, undiscounted, annualised cost ($M/year) and total normalised cost ($/t CO2 abated). 
Although more sophisticated accounting procedures could be applied to determine net present 
values, discounted cash flows, etc., these are not considered to be relevant nor justified in terms of 
the immediate objective which is to derive an abatement cost curve to consider policy options for 
the UK refining industry to reduce CO2 emissions.
In determining the data to be used for deriving the cost abatement curve for a typical UK refinery 
based upon the analyses of Refineries A and B, there is a choice to be made about how to calculate 
the average normalised cost for each abatement measure. The value can either be calculated on a 
gross basis, i.e.
(a) (Cost A + Cost b )  / (Emission a + Emission b )  
or a refinery basis, i.e.
(b) (Cost A / Emission a + Cost b  / Emission b )  / 2.
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It is possible that there could be considerable differences in the opportunities for applying different 
measures; e.g. Measure X might be applicable at Refinery A but not at Refinery B. In this case, the 
average normalised cost on a refinery basis, using expression (b), would be halved. Expression (a) 
has therefore been used to calculate average abatement costs in constructing the abatement cost 
curve. The abatement cost curve has been developed in this way from the costs for abatement 
measures applicable to Refineries A and B taking them to be representative of the UK refining 
industry as a whole. The justification for this approach is given in Section 5.3.1.
As a check, once the costs of the abatement measures applicable for the two refineries have been 
determined, a comparison will be made of the two averaging methodologies to justify the approach 
adopted (see Section E.5).
E.2 Level 1 Abatement: Day-tO“Day Operation
Sections E.2.1 to E.2.14 describe the basis of the cost estimates of the gap closure options for 
reducing CO2 emissions of Refineries A and B. Tables E.2.5 and E.2.6 show the resulting costs and 
benefits for these Level 1 abatement measures. The order of the sections below follows that in 
Appendices C and D, but in Tables E.2.5 and E.2.6 the individual refinery measures are ranked to 
be consistent with increasing cost/t CO2 abated for the derived typical UK refinery, as shown in 
Tables E.2.8 and E.2.9, i.e. the most cost effective measures are listed first, in the order in which 
they appear in the abatement cost curve. Negative costs correspond to measures that would give 
financial savings. For simplicity, some items have been grouped together in the tables but their 
details can be followed by reference to the item (#) number as used below and in the appendices.
E.2.1 Optimisation of Steam Boilers and Improved Reliability
Refinery A:
From Appendix C, item # 4, a 0.5 % increase in steam production efficiency from all the boilers 
would give a reduction in CO2 emissions of 3426 t/year.
The costs are uncertain. However, for improved boiler reliability it is assumed that, based on 
engineering judgment, $3 M is required spread over 12.5 years, i.e. $240 k/year, for repairs of 
steam leaks, replacement of thinned tubes, repairs to refractory, etc. and installation of a Real Time 
Optimiser to cost effectively distribute steam loads.
Estimated fuel savings are $304 k/year.
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Hence the total abatement cost is -$64 k/year, i.e. -$18.7/t CO2 .
Refinery B:
From Appendix D, item # 2, on the same basis as Refinery A, the reduction in CO2 emissions is 
3223 t/year.
It is also assumed that $3 M investment is required spread over 12.5 years, i.e. $240 k/year. 
Estimated fuel savings are $533 k/year.
Hence the total abatement cost is -$293 k/year, i.e. -$90.9/t CO2 .
Thus, the average abatement costs over these two very different values for this measure are -$53.7/t 
CO2 on a gross basis.
E.2.2 General Operation of Steam System -  Elimination of Letdown and Venting
Refinery A:
From Appendix C, item # 5, the elimination of HP to MP steam letdown and LP steam venting 
would reduce CO2 emissions by 8147 t/year.
The costs are uncertain. However, for implementation of a Real Time Optimiser to balance 
steam/power/fuel gas demands and suitable programmes/projects to improve efficiency of process 
steam use generally, it is assumed that, based on engineering judgment, $(1 + 2) M = $3 M is 
required spread over 12.5 years, i.e. $240 k/year.
Estimated steam savings are $276 k/year (from elimination of letdown) and $1496 k/year (from 
elimination of venting), i.e. total savings of $1.77 M/year.
Hence the total abatement cost is -$1.53 M/year, i.e. -$188/t CO2 .
Refinery B:
From Appendix D, item # 3, CO2 emissions could be reduced by 8957 t/year (from elimination of 
HP to MP steam letdown) and 13133 t/year (from elimination of LP steam condensation). In 
addition, reduced imports of electricity would save 14206 t/year indirect CO2 emissions. Thus, the 
total savings are 36296 t/year.
These costs are also uncertain. However, for similar implementation of a Real Time Optimiser and 
improved efficiency of steam use, together with repairs/refurbishment of the four turbogenerators, it 
is assumed that, based on engineering judgment, $(1 + 2 + 4) = $7 M is required spread over 12.5 
years, i.e. $560 k/year.
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Estimated steam savings are $1.28 M/year (from elimination of letdown) and $2.21 M/year (from 
elimination of venting). There are also electricity savings of $3.01 M/year due to reduced imports. 
Thus the total savings are $6.5 M/year.
Hence the total abatement cost i s -$5.94 M/year, i.e.-$164/t CO2 .
Thus, the estimates for the two refineries are as consistent as can be expected, and the average 
abatement costs are-$168/t CO2 on a gross basis.
E.2.3 Steam Leaks and Condensate Recovery
Refinery A;
From Appendix C, item # 7, the refinery advised potential improvement gives estimated reductions 
in CO2 emissions of 11162 t/year (from reduced steam leaks) and 30419 t/year (from improved 
condensate recovery), i.e. a total reduction of 41581 t/year.
The costs for the continuing programme are uncertain. However, for inspection, repairs and 
upgrades it is assumed, based on engineering judgment, that $1 M is required for initial work, 
depreciated over 12.5 years, followed by continuing work at $100 k/year, i.e. $180 k/year.
The advised fuel savings are $1.0 M/year (from reduced steam leaks) and- $2.2 M/year (from 
improved condensate recovery), i.e. total savings of $3.2 M/year.
Hence the total abatement cost is -$3.02 M k/year, i.e. -$72.6/t CO2 .
Refinery B:
From Appendix D, item # 4, the estimated potential reductions in CO2 emissions are 50990 t/year 
(from reduced steam leaks) and 3239 t/year (from improved condensate recovery), i.e. a total 
reduction of 54229 t/year.
The costs are uncertain but assumed to be similar to those for Refinery A, i.e. $180 k/year.
Estimated fuel savings are $2.88 M/year (from reduced steam leaks) and $0.458 M/year (from 
improved condensate recovery), i.e. total savings of $3.34 M/year.
Hence the total abatement cost is -$3.16 M k/year, i.e. -$61.6/t CO2 .
Thus, the average abatement costs are -$64.5/t CO2 on a gross basis.
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E.2.4 Operation of Individual Steam Boilers
Refinery A:.
From Appendix C, item # 8, a potential reduction in CO2 emissions of 6860 t/year is calculated if 
all the boilers would be able to operate at reduced flue gas temperatures and excess oxygen levels. 
The costs are uncertain. However, for improved monitoring and optimisation, maintenance and a 
more effective burner management system it is estimated, based on engineering judgment, that $200 
k/year is required.
Estimated fuel savings are $609 k/year.
Hence the total abatement cost is -$409 k/year, i.e. -$59.6/t CO2 .
Refinery B:
From Appendix D, item # 5, a potential reduction in CO2 emissions of 119 t/year is calculated if all 
the boilers would be able to operate at reduced flue gas temperatures and excess oxygen levels.
Such a small gap in operating performance suggests the current facilities and programmes are 
effective. Based on engineering judgment, $10 k/year costs have been allowed for incremental 
operating improvements.
The estimated fuel savings are $19 k/year.
Hence the total abatement cost is -$9 k/year, i.e. -$75.6/t CO2 .
Thus, the average abatement costs are -$59.9/t CO2 on a gross basis.
E.2.5 Fired Heaters -  General -  Reduced Flue Gas Excess Oxygen
Refinery A:
From Appendix C, item #11,  operational improvements could be expected to reduce the excess 
oxygen levels giving CO2 emission savings of 6215 t/year.
Based on engineering judgment, it is assumed that these incremental operating improvements would 
cost $20 k/year.
The corresponding fuel saving is $800 k/year.
Hence the total abatement cost is -$780 k/year, i.e. -$126/t CO2 .
Refinery B:
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From Appendix D, item # 8, operational and maintenance improvements could be expected to 
reduce the excess oxygen levels giving CO2 emission savings of 2897 t/year.
Based on engineering judgment, it is assumed that these improvements would cost $750 k 
depreciated over 25 years, i.e. $30 k/year, for upgraded facilities such as improved burner 
management systems, repairs to minimise air leaks, etc.
The corresponding fuel savings are $508 k/year.
Hence the total abatement cost is -$478 k/year, i.e. -$165/t CO2 .
Thus, the average abatement costs are -$138/t CO2 on a gross basis.
E.2.6 Fired Heaters -  Atmospheric Distillation -  Reduced Flue Gas Temperature
Refinery A:
From Appendix C, item #12, reducing the flue gas temperatures of the fired heaters by installation 
of an air preheater would give CO2 emission savings of 20091 t/year, less the increased emissions 
from additional imported electricity of 2421 t/year, as described below, giving a total saving of 
17670 t/year.
Based upon an installed cost of $5.92 M for an air preheater on a 342.5 MBtu/hr fired heater (Patel, 
2006) and applying the generally used 7/10th power rule for scaling, the estimated cost for this 
application is
$5.92 M X (620 / 342.5) ^ 0.7 = $8.97 M 
Assuming straight line depreciation over 25 years, the annualised cost is $359 k/year.
Based upon a power requirement of 438.4 bhp for the forced and induced draught fans in the 
example of Patel (2006), the estimated power requirement for this application is
438.4 bhp X 620 / 342.5 = 793.6 bhp i.e. 592 kW 
At 9.9 c/kWh (as used by both refineries) this is a power cost of $513 k/year.
The corresponding fuel savings are $1785 k/year.
Hence, the total abatement cost is -$913 k/year, i.e. -$51.7/t CO2 .
Refinery B:
From Appendix D, item # 9, according to Patel (2006), since the flue gas temperature is less than 
343 °C, there is no incentive to install an air preheater. However, operational improvements could 
reduce the temperature giving CO2 emission savings of 12979 t/year.
Based on engineering judgment, it is assumed that these operational improvements cost $25 k/year.
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The corresponding fuel savings are $2.32 M/year.
Hence the total abatement cost is -$2.295 M/year, i.e. -$177/t CO2 .
Thus, the average abatement costs are-$105/t CO2 on a gross basis.
E.2.7 Fired Heaters -  Vacuum Distillation -  Reduced Flue Gas Temperature
Refinery A:
From Appendix C, item #13, reducing the flue gas temperature of the fired heaters by installation 
of an air preheater would give CO2 emission savings of 11852 t/year, less the increased emissions 
from additional imported electricity of 1157 t/year, as described below, giving a total saving of 
10695 t/year.
Based upon an installed cost of $5.92 M for an air preheater on a 342.5 MBtu/hr fired heater (Patel, 
2006) and applying the 7/10th power rule for scaling, the estimated cost for this application is 
$5.92 M X (296.4 / 342.5) ^ 0.7 = $5.35 M 
Assuming straight line depreciation over 25 years, the annualised cost is $214 k/year.
Based upon a power requirement of 438.4 bhp for the forced and induced draught fans in the 
example of Patel (2006), the estimated power requirement for this application is
438.4 bhp X 296.4 / 342.5 = 379.4 bhp i.e. 283 kW 
At 9.9 c/kWh (as used by both refineries) this is a power cost of $245 k/year.
The corresponding fuel savings are $1053 k/year.
Hence, the total abatement cost is -$594 k/year, i.e. -$55.5/t CO2 .
Refinery B:
From Appendix D, item #10,  according to Patel (2006), since the flue gas temperature is less than 
343 °C, there is no incentive to install an air preheater. However, operational improvements could 
reduce the temperature giving CO2 emission savings of 5536 t/year.
Based on engineering judgment, it is assumed that these incremental improvements cost $25 k/year. 
The corresponding fuel savings are $912 k/year.
Hence the total abatement cost is -$887 k/year, i.e. -$160/t CO2 .
Thus, the average abatement costs are -$91.3/t CO2 on a gross basis.
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E.2.8 Fired Heaters -  Catalytic Reforming -  Reduced Flue Gas Temperature
Refinery A:
From Appendix C, item #14,  the catalytic reformer has a waste heat boiler that is partly blocked 
with refractory following walnut shell scouring of the furnace tubes and insufficient time for 
cleaning at the 4Q 2006 turnaround. The additional CO2 emission associated with the excessively 
high flue gas temperature is 10168 t/year.
Based on engineering judgment, the estimated cost of cleaning the WHB at the turnaround is 
assumed to be $200 k and the cost of a shutdown to perform the work now is estimated at > $1 M. 
Since the WHB has reached end of life status, it will be replaced at the next turnaround planned for 
2011. Thus, the annualised cost of cleaning is taken as $200 k spread over five years i.e. $40 k/year. 
However, there are fuel savings of $903 k/year.
Hence, the total abatement cost is - $863 k/year, i.e. -$84.9/t CO2 .
Refinery B has no gap with regard to this item.
Thus, the average abatement costs are -$84.9/t CO2 on a gross basis.
E.2.9 FCCU Regenerator Overhead Circuit Repairs
Refinery A:
From Appendix C, item #17 ,  the repair of the leak around the flue gas expander bypass valve 
would result in reduced imports of electricity with associated savings of 9900 t/year indirect CO2 
emissions.
The costs are uncertain and depend upon when any repairs might be made, i.e. if they were 
performed during a planned shutdown or turnaround then there would be no lost. FCCU 
profitability. However, based on engineering judgment, the costs for a three week shutdown of the 
FCCU at 533 t/h feed rate and $50/t upgrade (value of products less cost of feed) the lost margin 
would be $13.4 M, say $14 M to include maintenance costs. Assuming this is spread over 12.5 
years, the annualised cost is thus $1.12 M/year. This basis will be taken since the objective is to 
evaluate abatement measures irrespective of cost (and, based on costs, the refinery has decided to 
wait until the 2008 Turnaround to do the repairs).
($50/t upgrade is considered to be a reasonable value based on FCCU yields as determined in the 
Mass and Energy Balance described in Appendix A and using spot prices for hydrocarbons from
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EIA, 2008a for 2006. Taking account of FCCU products having a lower value than final blended 
products and the FCCU yield/financial upgrade being variable, the use of a “typical” $50/t is judged 
to be reasonable).
The reduction in imports of electricity would save $2.09 M/year.
Hence, the total abatement cost is - $0.97 M/year, i.e. -$98.0/t CO2 .
Refinery B:
From Appendix D, item #13,  the repair of the steam leak on the waste heat boiler would reduce 
CO2 emissions by 62480 t/year.
The costs are uncertain and depend upon when any repairs might be made. However, for a three
week shutdown of the FCCU, as for Refinery B, the total cost would be $14 M, i.e. annualised cost
of $1.12 M/year.
The steam saving is worth $5.38 M/year.
Hence the total abatement cost is - $4.26 M/year, i.e. -$68.2/t CO2 .
Thus, the average abatement costs are -$72.3/t CO2 on a gross basis.
E.2.10 Flaring -  Elimination by a Range of Means 
Refinery A:
From Appendix C, items #19 and # 20, the scope of work involves repair/refurbishment of the LPG 
recovery unit (to reduce the amount of LPG in fuel gas), installation of a new flare gas recovery 
compressor (to recover LPG from flare gas) and improved operations integrity (to reduce the 
number and scale of process upsets causing controlled venting of hydrocarbons to the flare system). 
From data supplied, it is calculated that the additional CO2 emissions from burning fuel oil instead 
of fuel gas rich in recoverable LPG is 29783 t/year. It is also estimated that the two compressors 
would require additional imported electricity with an associated increase in indirect CO2 emissions 
of 11454 t/year. However, the elimination of flaring would give a reduction in emissions of 80.6 
kt/year. Thus, the total CO2 emissions savings are 39.4 kt/year.
The costs are uncertain but, based on engineering judgment, it is assumed that $2 M is required to 
repair/refurbish the LPG recovery unit (spread over 12.5 years), $5 M for installation of a new flare 
gas recovery compressor and associated equipment (spread over 25 years) and $500 k/year for 
improved operations integrity. Thus, the total costs are $860 k/year.
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The margin credit for recovering LPG from fuel gas is advised to be $25.9 M/year and the value of 
flare gas is estimated at $7.65 M/year i.e. total margin credits of $33.6 M/year. However, fuel oil at 
an advised cost of $17.0 M/year would need to replace the recovered LPG and there would be 
additional electricity costs assumed to be $2.42 M/year for running the two compressors.
Hence the total abatement cost is $(0.86 - 33.6 + 17.0 + 2.42) M/year = - $13.3 M/year, i.e. -$337/t 
CO2 .
Refinery B:
From Appendix D, items # 1 4  and #15,  the scope of work involves increased LPG recovery and 
improved gas balancing (to eliminate excessive production of refinery fuel gas), installation of a 
new flare gas recovery compressor and improved operations integrity.
It is estimated that the additional imported electricity for the flare gas recovery compressor would 
increase indirect CO2 emissions by 3787 t/year. However, the replacement of LPG by natural gas in 
fuel gas would save 24680 t/year emissions and the elimination of flaring would save 53.4 kt/year. 
Thus, the total CO2 emissions savings are 74.3 kt/year.
The costs are uncertain but, based on engineering judgment, it is assumed that $10 M is required for 
a range of projects, e.g the installation of refrigeration units on absorber de-ethanisers, to increase 
LPG recovery from fuel gas (spread over 25 years), $5 M for installation of a new flare gas 
recovery compressor and associated equipment (spread over 25 years) and $500 k/year for 
improved operations integrity. Thus, the total costs are $1.1 M/year.
The margin credit for recovering additional LPG is advised to be $21.8 M/year and the value of 
flare gas is estimated at $7.44 M/year i.e. total margin credits of $29.2 M/year. However, natural 
gas is required to replace LPG that costs $16.3 M/year and the electricity cost for the new 
compressor is $803 k/year.
Hence, the total abatement cost is $(1.1 29.2 + 16.3 + 0.8) M/year = - $11.0 M/year, i.e. -$149/t
CO2 .
Thus, the average abatement costs are -$215/t CO2 on a gross basis.
E.2.11 Process Heat Savings from Increased Coil Inlet Temperature of Fired Heaters
Generally, fuel savings can be made by any or all of the following measures:
1. Pass balancing of multiple heat exchangers;
2. Increased cleaning of heat exchangers;
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3. Reduced fouling of heat exchangers and fired heater coils;
4. Rundowns of intermediate streams at battery limits at the hottest temperatures possible;
5. Application of pinch technology for optimum heat integration;
6. Optimised fractionation operation.
Based upon engineering judgment, it is assumed that 25 % savings in the total process fired heater 
duties of Refineries A and B (described in Volumes II and III of this thesis) is possible. Since the 
Solomon Eli values show Refinery A (Eli of 78.8) is more energy efficient than Refinery B (Eli of 
85.7) it is assumed that a 20 % saving is possible on Refinery A and a 30 % saving on Refinery B. 
The details are summarised in Table E.2.1.
Table E.2.1. Total Process Fired Heater Operations of Refineries A and B.
Total Process Fired Heater Operations
HHV Heat Duty (MW) CO2 Emissions (kt/year)
Refinery A
Gas 3987 877.7
Oil 431.0 141.3
Total 4418 1019.0
Saving at 20% 884 204
Refinery B
Gas 3451 794.5
Oil 0 0
Total 3451 794.5
Saving at 30 % 1035 238
The costs are uncertain but, based on engineering judgment, they have been given a total average 
value of $50 M. Based on the different energy efficiencies of the two refineries, the specific values 
are assumed to be $45 M for Refinery A and $55 M for refinery B. Such a large investment is to be 
expected based on the magnitude of the emissions reduction and the range of retro-fit projects and 
programmes required. Numerically, the value can gain some support from pro-rating the combined 
emission savings associated with the capital investment items in the Operations Analyses for the 
elimination of flaring, the elimination of letdown and venting in the steam system, improved 
operation of process fired heaters and improved performance of the steam boilers, i.e.
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$26.2 M X 226.8 / 119.2 = $50 M 
Similarly, the total investment cost is
$2.09 M/year x 226.8 / 119.2 = $4.0 M/year 
This is assumed to be $3.5 M/year for Refinery A and $4.5 M/year for Refinery B.
Refinery A:
The energy saving is that from burning less fuel gas to save 204 kt/year CO2 emissions, i.e. $36.9 
M/year.
Hence, the total abatement cost is $33.4 M/year, i.e. -$164/t CO2 .
Refinery B:
The energy saving is that from burning less fuel gas to save 238 kt/year CO2 emissions, i.e. $43.1 
M/year.
Hence, the total abatement cost is - $38.6 M/year, i.e. -$162/t CO2 .
Thus, the average abatement costs are -$163/t CO2 on a gross basis.
E.2.12 Process Steam and Power Savings
Generally, steam and power savings can be made by any or all of the following measures:
1. Optimised steam stripper operation;
2. Optimised fractionation operation;
3. Application of pinch technology for optimum heat integration;
4. Improved compressor, blower and pump operation.
Steam - Refineries A and B:
The amounts of steam generated by the fired boilers of Refineries A and B are associated with
584.0 and 322.4 kt/year CO2 emissions respectively.
Based upon engineering judgment, it is assumed 10 % savings are possible. Based on the different 
energy efficiencies of the two refineries, the specific savings are assumed to be 8 %, i.e. 46.7 
kt/year, for Refinery A and 12 %, i.e. 38.7 kt/year, for Refinery B.
Power -  Refinery A:
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Based on the imported power consumption of 43.42 MW (no on-site generation), at 0.467 t 
C02/MWh (judged to be typical of UK supply by the refinery), the associated indirect CO2 
emissions are 177.6 kt/year.
Power - Refinery B:
Based on the imported power consumption of 12.5 MW, at 0.467 t C02/MWh, the associated 
indirect CO2 emissions are 51.1 kt/year.
Based on the on-site generated power consumption of 33.8 MW, the associated direct CO2 
emissions are 155.7 kt/year.
Based upon engineering judgment, it is assumed 5 % savings are possible. Based on the different 
energy efficiencies of the two refineries, the specific savings are assumed to be 4 %, i.e. 7.1 kt/year, 
for Refinery A and 6 %, i.e. 12.4 kt/year, for Refinery B.
The costs for these steam and power savings are uncertain but, based on engineering judgment, it is 
assumed that $5 M (spread over 25 years) is required for the necessary projects, e.g. retro-fitting of 
heat exchangers, installation of analysers, implementation of improved control schemes, i.e. total 
investment cost of $0.2 M/year. Based on the different energy efficiencies of the two refineries the 
specific costs are assumed to be $4 M, i.e. $0.16 M/year for Refinery A and $6 M, i.e. $0.24 M/year 
for Refinery B.
Refinery A:
The energy saving is that from burning less fuel gas associated with saving 53.8 kt/year CO2 
emissions, i.e. $9.77 M/year.
Hence, the abatement cost is -$9.61 M/year, i.e. 179/t CO2 .
Refinery B:
The energy saving is that from burning less fuel gas associated with saving 51.1 kt/year CO2 
emissions, i.e. $9.55 M/year.
Hence, the abatement cost is -$9.31 M/year, i.e. -$182/t CO2 .
Thus, the average abatement costs are -$180/t CO2 on a gross basis.
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E.2.13 Implementation of Good Quality CHP System
In this study it is not possible to perform a detailed analysis to determine the optimum duties of 
CHP systems for each refinery since it is not just an issue of specifying process utility requirements 
but also involves consideration of the reliability and maintenance costs of the existing facilities. The 
availability of natural gas and the possibility of forming joint ventures with third parties are also 
important factors in the development of a possible project. As a consequence, a duty will be 
selected that is suitable and common to both Refineries A and B, without detailed site specific 
analysis.
In the first instance the specification of the duty will be addressed by summarising the existing 
facilities at Refineries A and B (described in more detail in Volumes II and III of this thesis). Figure 
E.2.1 is a single schematic representation describing both refineries and Tables E.2.2 and E.2.3 
provide details of the quantities of electricity imported/generated and amounts of steam raised 
respectively.
Fuel
Fuel
Steam
Boilers
Turbine
Generators
Heat R ecovery  
Steam  Generator
G as Turbine 
Generator
Steam
Eiectricity
Steam
imported
Eiectricity
Electricity
Figure E.2.1. Existing Steam and Power Generation Faeilities for Both Refineries A and B.
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Table E.2.2. Quantities of Electricity Imported/Generated by Refineries A and B.
Refinery A 43.42 MW imported electricity
Refinery B 12.5 MW imported electricity
33.8 MW generated electricity
Average Refinery import of 28.0 MW
Table E.2.3. Amounts of Steam Raised by Refineries A and B.
Steam (t/hr) High Pressure Medium Pressure Low Pressure
Refinery A 310.5 48.4 3.0
Refinery B 318.9 208.9 24.3
Average Refinery 314.7 128.7 13.7
From commercial sales literature (RWE npower, 2005), it has been possible to obtain cost and duty 
details for a range of CHP projects as shown in Table E.2.4.
Table E.2.4. Details of Selected CHP Projects.
Application Cost
(£M)
Date Electricity
Generated
(MW)
Steam Raised 
(t/hr)
Efficiency 
(LHV %)
ConocoPhillips -  Teeside 
750 kbd Norsea Terminal
30 1999-
2005
40 (GTG) 
18 (ST)
60 (unfired) - 8 0
Dow Coming -  Barry 
Silicone facility
38 1998-
1999
13 (GTG) 
15 (ST)
250
+ hot water
- 8 5
Esso -  Fawley 
300 kbd refinery
60 1999 135 250 
+ firing
Source: RWE npower, 2005.
Notes:
GTG gas turbine generator
ST steam turbine
LHV/HHV lower/higher heating value
Thus, based on engineering judgment, it is considered that a reasonable duty for a new gas-fired 
CHP plant suitable for both Refineries A and B is the generation of 56 MW electricity (28 MW for
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refinery use and 28 MW for export to the national grid) and the raising of 150 t/hr of mixed 
pressure steam with supplementary firing at an overall efficiency of 75 HHV %.
Based on the above commercial information, it is judged that such a CHP project would have cost 
£40 M in 1998. Allowing for an exchange rate of $1.65 = £1.00 (x-rates, 2008) and UK inflation of 
22 % (moneyextra, 2008 derived from ONS, 2008) this gives a current cost of $80 M.
The total energy output of the new CHP project is calculated to be 175 MW, requiring an energy 
input of 233 MW fuel based on 75 HHV % efficiency. Assuming this is refinery fuel gas, the 
associated CO2 emissions are 367.1 kt/year.
CO2 savings are associated with reduced imports of electricity (229.1 kt/year indirect emissions) 
and reduced steam raised at the main boilers (239.2 kt/year direct emissions).
Thus, the net CO2 emissions reduction is 101.2 kt/year.
Based on depreciation spread over 25 years, the annualised capital cost is $3.2 M/year.
The fuel gas cost is $23.2 M/year.
The imported electricity cost saving is $24.3 M/year. Credits allowed for exported electricity are 
taken at 75 % of the import price, i.e. $18.3 M/year. Thus, the total power savings are $42.5 
M/year.
Hence, the total abatement cost is $(3.2 + 23.2 -  42.5) M/year = - $16.1 M/year.
Thus, the average abatement costs are - $ 159/t CO2 on a gross basis.
E.2.14 Derivation of Level 1 Abatement Costs and Benefits for Refineries A and B
The costs and benefits of the above Level 1 abatement measures at the two refineries are 
summarised in Tables E.2.5 and E.2.6. The analysis suggests that process changes at Level 1 could 
reduce CO2 emissions by 19 % for Refinery A and 27 % for Refinery B, broadly in line with 
estimates of how far these refineries fall below European best practice (see Chapter 3). These 
measures would lead to cost savings ranging from $337 to 46/t CO2 for Refinery A and $182 to 90/t 
CO2 for Refinery B. This raises the question of why these measures have not been adopted; possible 
reasons are explored in Chapter 5. The investment costs involved are small relative to the savings in 
costs of energy and CO2 emissions so these broad conclusions are not sensitive to the inevitable 
uncertainties in using engineering judgment to estimate the capital, maintenance and operating 
costs.
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The estimates for the two refineries will now be combined to derive a generic abatement cost curve 
for the UK refining industry using the averaging process explained in Section E.l of this Appendix. 
For Level 2 and 3 abatement measures, the type of measure, scale of effect, specification of duty 
and costs are best estimated for the general case rather than a specific refinery. Therefore, changes 
at Levels 2 and 3 contribute to the generic curve rather than to the specific estimates for Refineries 
A and B.
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Appendix E
E.3. Level 2 Abatement: Application of CCS Technology
Based on engineering judgment and supported by lEA (2004), the post-combustion, hindered amine 
process has been selected as most suitable for capturing CO2 from appropriate refinery flue gas 
streams that are low in NOx and 80%, followed by transport to and storage in disused local offshore 
hydrocarbon fields or deep saline formations. For this study it is assumed there is no possibility of 
using the CO2 for enhanced oil recovery. All elements are current technology but some 
demonstration on large plants is required for CCS to be described as “commercially ready”; hence 
its classification as Level 2 abatement.
E.3.1 CCS Applied to Good Quality CHP Plant
CCS technology is considered here to treat the flue gas from the new good quality CHP plant with 
duty, specified previously, of 56 MWe and 150 t/hr steam (119 MWs) with a corresponding fuel 
energy input of 233 MW.
Information is available on the application of CCS to gas-fired combined cycle gas turbine (CCGT) 
power generation plants (lEA, 2007b). FGD is assumed not to be required because natural gas is 
treated to remove sulphur and low NOx burners are a standard design feature. Since such CCGT 
plants have advised efficiencies of 50.3 HHV %, the plant equivalent to the good quality CHP plant 
with the same fuel energy input of 233 MW and similar CO2 emissions would generate 117 MWe. 
Based on costs provided of $500/kW and $889/kW for a CCGT plant with and without CCS 
respectively, the cost of CCS on its own is determined to be $46 M. Depreciated over 25 years this 
is $1.8 M/year.
CO2 emissions from the CHP plant assuming refinery fuel gas firing are 367.1 kt/year.
A range of $4-12/t CO2 is quoted for transporting and storing the captured CO2 . Since all the main 
UK refineries are located on the coast with no need for onshore pipelines, a cost is taken in the 
lower range, i.e. $6/t CO2 . Thus, the costs for CCS are $2.2 M/year.
Additional operating costs are expressed in terms of an efficiency penalty, i.e. 6.0 % absolute LHV 
basis that is broken down as:
1 % for power for CO2 capture,
3 % for steam for CO2 capture,
2 % for CO2 compression/purification (assumed to be power).
Based on fuel gas as the primary energy input, this represents a cost of $7.2 M/year.
E- 21
Appendix E
Hence, the total abatement cost is $(1.8 + 2.2 +7.2) M/year = $11.2 M/year.
Based on an advised overall CCGT plant and CCS emissions reduction of 83.4 %, this results in a 
reduction of 306.1 kt COz/year. Thus, the normalised abatement cost is $36.6/t CO2 .
Such a value seems reasonable since it is similar to the “significantly less than £20/t CO2” total 
abatement cost given for CCGT plant by Poyry (2007).
E.3.2. CCS Applied to FCCU Regenerator
There are two elements to be considered in the application of CCS on the FCCU regenerator; firstly, 
CCS itself as described above and secondly, flue gas desulphurisation (FGD) for minimising the 
formation of heat stable, non-regenerable salts that result in loss of amine used in CCS. lEA (2004) 
advises that SO2 and NO2 should be restricted to 10 vppm and 20 vppm at 6 % excess oxygen 
respectively on economic grounds. Thus, since Catalytica (1988) advises that, depending upon the 
FCCU feed quality and operating conditions, the regenerator flue gas contains 200-3000 ppm SO2 
and 100-3000 ppm NOx, an allowance will be included for FGD.
For calculation purposes, the FCCU regenerator is treated as an equivalent CCGT plant in order to 
use lEA (2007b) data on CCS costs. Its size is taken as the average of the Refinery A and B units 
detailed in the Mass and Energy Balances contained in Volumes 11 and 111. Based on average CO2 
emissions of 745.3 kt/year from the combustion of reaction coke in the regenerator, the 
corresponding amount of natural gas required for the equivalent CCGT plant is calculated to be
271.0 kt/year, i.e. a fuel energy input of 476 MW which, at an advised efficiency of 50.3 HHV %, 
results in the generation of 239.6 MWe. This is taken as the size of the equivalent CCGT plant.
At $389/kWh (lEA, 2007), the derived capital cost of the CCS plant is $93.2 M which, depreciated 
over 25 years, corresponds to an estimate of $3.73 M/year.
At $6/t C02, the transport and storage cost is $4.47 M/year.
Pro-rating the additional operating costs of CCS on the good quality CHP plant described above 
gives additional operating costs of $14.6 M/year.
Thus, the total operating costs for CCS are estimated to be $22.8 M/year.
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Although the conventional form of FGD on a FCCU is wet gas scrubbing with caustic soda solution 
or sea water, the absence of cost data has meant that a similar process using lime slurry has been 
taken as the basis (World Bank, 1997).^
FGD would be a retrofit application so the capital cost based on the figure of $100/kW (World 
Bank, 1997?) is $24.0 M at 1990 prices. Allowing for inflation (westegg, 2008 derived from Census 
Bureau, 2008) this is a current price of $39.6 M.
Variable operating and maintenance costs are taken at $1.5 mills/kWh (World Bank, 1997?) giving 
$3.15 M/year which, also allowing for inflation, gives an estimated current price of $5.2 M/year. 
Total operating and maintenance costs are taken at $6.6 mills/kWh (1990 $) equivalent to $13.9 
M/year. Allowing for inflation, the estimated current price is $22.9 M/year.
Hence, the total abatement cost for CCS (and FGD) is $(22.8 + 22.9) = $45.7 M/year.
Although the average CO2 emissions from the FCCU regenerator are 745.3 kt/year (see Volumes II 
and III), taking account of additional emissions associated with CCS (giving 83 % reduction) and 
FGD (6 % reduction assumed), the amount avoided is taken as 575 kt/year. Thus, the normalised 
abatement cost is $79.5/t CO2 .
Since the degree of difficulty of application of CCS technology is judged to be less on a modem 
CHP plant than a retrofit on a complex FCCU regenerator overhead system, the two cases have 
been characterised as Level 2a and 2b abatement respectively.
E.4. Level 3 Abatement: Shutdown of FCCU
An alternative to applying CCS (and FGD) on the FCCU regenerator is to completely shutdown the 
FCCU. The information from Refineries A and B is not used explicitly, but is used to guide the 
estimate for a representative UK refinery. The simple and immediate effect this would have on CO2 
emissions and abatement costs for the gross average of the two refineries is described below.
* An alternative option o f hydrotreating the FCCU feed to remove sulphur and also upgrade the quality for improved 
yields is possible. Reduced FCCU coke make and regenerator CO2 emissions would be expected but this would be 
somewhat offset by the need for additional sources o f hydrogen with associated CO2 emissions. Since this option 
involves a substantial reconfiguration o f the refinery that would require a significant effort to evaluate it has not been 
examined further. There is also the possibility o f using a FCCU catalyst additive that captures 50% in the regenerator 
and releases it as hydrogen sulphide in the reactor (Evans, 2008) but this has also been discounted due to its limited 
effectiveness and high costs on the scale o f this application.
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From the Mass and Energy Balances of Refineries A and B (see Volumes II and III), the average 
total emissions savings from elimination of the regenerator and feed preheat furnace flue gases are 
745.3 + 54.4 = 799.7 kt/year.
Similarly, the average steam savings result in fuel gas savings worth $2.36 M/year with associated 
emissions reductions of 19.6 kt/year and average electricity savings result in cost savings worth 
$5.88 M/year with associated emissions reductions of 27.8 kt/year.
Hence, the total direct and indirect CO2 emissions savings are 799.7 + 19.6 + 27.8 = 847 kt/year 
with energy cost savings of $(2.36 + 5.88) M/year = $8.24 M/year.
Based on engineering judgment, a minimum FCCU upgrading margin of $50/t (value of products 
less cost of feed) is assumed (supported by typical yields and economics as described in Section 
E.2.9). At a feed rate of 3.907 Mt/year, this gives a margin debit of at least $195.3 M/year.
Thus, the overall abatement cost is at least $187.1 M/year, i.e. more than $221/t CO2 .
The shutdown of the FCCU also means loss of feed to downstream chemical plants; in particular, 
no propylene is available for supply to either polypropylene or higher olefin plants that are operated 
by the separate petrochemicals sector. As a result, instead of purchasing FCCU propylene at the 
price of propane (the alternative disposition of propylene being LPG fuel), the sector would have to 
purchase propylene on the open market with a premium of $550/t (Chemical Week, 2008).
Based on engineering judgment, a FCCU propylene yield of 5 wt % is assumed which at an average 
FCCU feed rate of 3.907 Mt/year (see Volumes II and III) gives a chemicals margin debit of $107.5 
M/year.
Thus, for the same emissions saving of 847 kt/year, there is an additional non-refinery/chemicals 
abatement cost of $127/t CO2 .
E.5. Comparison of Averaging Methodologies for Abatement Costs
As discussed in Section E.l, there are two methods for determining the average costs of the 
abatement measures applicable to Refineries A and B. Although the gross basis has been used 
throughout this work. Table E.2.7 has been prepared to compare the two methods and provide an 
explanation of possible reasons for any significant differences. Based upon results obtained, the 
gross basis remains preferable to the refinery basis but the differences between the two methods are 
not large.
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Appendix E
E.6. Derivation of Full Abatement Cost Curves
Based upon the analysis of Refineries A and B described in this Appendix, calculations have been 
performed to obtain data for deriving the full abatement cost curve for a typical UK refinery 
contained in Chapter 5. These data are presented in Tables E.2.8 and E.2.9 with possible abatement 
measures arranged in order of increasing cost. The tables include the Level 1 abatement measures 
from Tables E.2.5 and E.2.6 for Refineries A and B that have been averaged as explained in Section 
E.l, together with the Level 2 and 3 measures described in Sections 3 and 4. Table E.2.8 presents 
details of the abatement measures for a typical UK oil refinery, including emissions reductions (i.e. 
kt COi/year) and costs (i.e. $/t CO2 abated); Table E.2.9 provides similar data but expressed in 
general terms for extrapolating to the UK refining industry (i.e. $/bbl of primary oil processed and 
cumulative % of emissions abated).
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Appendix E
Table E.2.9. Abatement Costs for a Typical UK Refinery for Extrapolating to the UK 
Refining Industry.
Item
Total A nnualised  
C ost 
$M/year
Total Norm alised  
C ost 
$/bbl
Cum ulative % of 
Total Direct and 
Indirect C 02  
E m ission s
Flaring - elimination by LPG recovery from 
fuel gas, implementation of flare gas 
recovery and improved operations integrity. -12.1 -0.15 2.4
Steam and power savings on process 
units. -9.5 -0.12 4.5
General operation of steam system - 
eliminate letdown and venting. -3.74 -0.046 5.5
Process fired heaters - general - increased 
heat integration/increased coil inlet 
temperature. -36.0 -0.45 14.7
Implementation of good quality CHP 
project. -16.1 -0.20 18.9
Improved operation of process fired 
heaters. -3.78 -0.047 20.3
FCCU - regenerator overhead circuit - 
repairs to flue gas expander and waste 
heat boiler. -2.62 -0.032 21.8
Steam leaks and condensate recovery - 
eliminate and maximise. -3.09 -0.038 23.8
Improved operation, optimisation and 
reliability of steam boilers. -0.39 -0.005 24.0
Application of CCS to good quality CHP 
project. 11.2 0.14 36.8
Application of CCS (and FGD) to FCCU 
regenerator. 45.7 0.57 60.7
Shutdown of FCCU. 187 2.32 72.0
Notes:
Based on average of Refineries A and B:
(1) 80.7 M bbl/year of primary oil processed (i.e. crude oil + imported atmospheric residue and 
vacuum gas oil).
(2) 2403 kt/year of CO2 emitted.
Although the abatement cost curve is discussed in Chapter 5, there are several points worthy of 
immediate comment. Firstly, the implementation of Level 1 abatement measures could achieve total 
CO2 emission reductions of 24 %; Level 2 (application of CCS) could achieve another 37 % and 
Level 3 (shutdown of the FCCU) another 11 % incrementally. This total reduction of 72 % is 
independent of other external effects, such as reduced demand for petrol and diesel (Level 4 
abatement measure) resulting from any changes in character of road transportation, that would 
cause reduced refinery throughput and additional reductions.
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Secondly, with a range of normalised costs of -$56 to -$213/t CO2 for Level 1 abatement measures, 
there are considerable incentives to progress such projects. Possible reasons for them not being 
implemented are explored in Section 5,4.
Thirdly, compared to the estimated 2006 refining NCM of $3.49/bbl described in Chapter 7, there 
are several abatement measures that would have significant effects (negative and positive) on the 
profitability of the UK refining industry. These include shutdown of the FCCU (66 % reduction in 
NCM), the application of CCS (and FGD) to the FCCU regenerator (16 % reduction) and reduced 
process fired heater duties (13 % increase).
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